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TITLE : EXPERIMENTAL AND ANALYTICAL STUDIES OF THE FLOW 

AND OXYGEN REGIMES I N  SOIL INTERMITTENTLY 

INUNDATED WITH LOW QUALITY WATER. 

CRIS WORK ITNIT: SWC-012-g~-1 CODE NO, : A r i z .  -WCL 66-1 

INTRODUCTION: 

The need f o r  t h i s  s t u d y  and the  p r e l i m i n a r y  r e s u l t s  a r e  g i v e n  

i n  t h e  1966 Annual Repor t .  A s o i l  column was used t o  s t u d y  t h e  

e f f e c t  of en t rapped  a i r  on t h e  f low of w a t e r  i n t o  a  l a y e r e d  sand 

and g r a v e l  sys tem,  s u c h  a s  o c c u r s  a t  t h e  F l u s h i n g  Meadows r e c h a r g e  

s i t e .  There  a r e  a t  l e a s t  t h r e e  s i t u a t i o n s  which might occur  

d u r i n g  f l o o d i n g  and subsequen t  d r a i n a g e :  

( 1 )  A t  t h c  edges  of Lhc s p r e a d i n g  b a s i n s  waLer can e n t e r  and 

d r a i n  from t h e  s o i l  w i t h  f r e e  escape  and a c c e s s  of a i r  

a l l  a l o n g  t h e  p r o f i l e .  

( 2 )  F u r t h e r  toward t h e  c e n t e r  of t h e  b a s i n s ,  w a t e r  may e n t e r  

t h e  s o i l  w i t h  a i r  f r e e  t o  e scape ,  b u t  d u r i n g  d r a i n a g e  

a i r  might n o t  have f r e e  a c c e s s  t o  a l l  p a r t s  of t h e  

p r o f i l e  e x c e p t  through t h e  s u r f a c e .  

( 3 )  I n  t h e  c e n t e r  of wide s p r e a d i n g  b a s i n s ,  w a t e r  might 

e n t e r  t h e  s o i l  b u t  t h e  a i r  might n o t  be f r e e  t o  e scape  

excep t  th rough  t h e  s u r f a c e  o r  by be ing  c o l l e c t e d  i n  

h igh  p r e s s u r e  pocke t s  w i t h i n  t h e  p r o f i l e  w i t h  some 

d e p r e s s i o n  of t h e  w a t e r  t a b l e .  The d r a i n a g e  would be 

l i k e  number ( 2 ) .  

S i n c e  i t ems  ( 2 )  and ( 3 )  might mean a s lower  movement of w a t e r  under  

i n t e r m i t t e n t  f l o o d i n g ,  i t  seems worthwhi le  t o  s t u d y  t h i s  i n  t h e  

l a b o r a t o r y .  

PROCEDURE: 

A 4" I . D .  l e u c i t e  column ( F i g u r e  l ) ,  which can be used w i t h  

gamma s c i n t i l l a t i o n ,  was packed w i t h  97.5 cm of c o a r s e  sand and 

g r a v e l  and then  a n o t h e r  72.5 cm of f i n e  sand from t h e  S a l t  R ive r  

bed n e a r  F l u s h i n g  Meadows, The column had t h e  s i d e s  machined t o  
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f l a t  s u r f a c e s  and p o r t s  f o r  t e n s i o m e t e r s  e v e r y  c e n t i m e t e r .  T h i s  

was t h e  same column r e p o r t e d  i n  t h e  1966 annual  r e p o r t .  A l l  of 

t h e  Baird  Atomic gamma s c i n t i l l a t i o n  equipment has been r e p l a c e d  

by Ramner E l e c t r o n i c s  equipment.  A l l  of t h e  t e n s i o m e t e r s  which 

i n  t h e  1966 r e p o r t  were of an  O-r ing,  s l i p - f i t  type  were r e p l a c e d  

d u r i n g  t h e  y e a r  by copper  t u b i n g ,  Swagelok f i t t i n g  type  d e s c r i b e d  

i n  l a s t  y e a r ' s  Annual R e p o r t ,  The s l i p - f i t  type  t e n s i o n ~ e t e r  

h o l d e r s  and p lugs  f o r  unused p o r t s  were screwed i n t o  the  column 

w i t h  f i b e r  washers a s  s e a l s .  A l l  of t h e s e  f i b e r  washers were 

r e p l a c e d  by g r e a s e d  O-r ing s e a l s ,  

The column was packed d r y  bu t  a s  uniformly a s  p o s s i b l e .  A 

d r y  scan  of the  column was made immediately a f t e r  packing and 

coun t s  were a l s o  t aken  through  he l e u c i t e ,  b o t h  empty and f u l l  

of w a t e r ,  s o  t h a t  some c a l c u l a t i o n  of t h e  bulk d e n s i t y  and 

a b s o r p t i o n  c o e f f i c i e n t  cou ld  be made. 

For  t h e  f i r s t  few t r i a l s  t h e  a i r  p r e s s u r e  b u i l d u p  was 

measured by i n s e r t i n g  t e n s i o m e t e r - t y p e  f i t t i n g s  i n t o  t h e  O-r ing,  

s l i p - f i t  h o l d e r s  and u s i n g  t h e  same t r a n s d u c e r s  a s  t h e  t e n s i o m e t e r s  

used by means of a  s c a n i v a l v e .  (The ce ramic  f o r  a  t e n s i o m e t e r  was 

r e p l a c e d  by a  b r a s s  s c r e e n . )  During t h e  y e a r  i t  appeared t h a t  t h i s  

connec t ion  sys tem leaked ;  t h e r e f o r e ,  two p r e s s u r e  t r a n s d u c e r s  were  

mounted d i r e c t l y  i n t o  t h e  columns a t  70 and 157 cm above t h e  b a s e  

of the column, 

A i r  p r e s s u r e  r e l i e f  p o r t s  were provided a l l  a l o n g  t h e  column. 

They cou ld  be plugged t o  s i m u l a t e  t h e  c o n d i t i o n  of no  a i r  e scape  

o r  a c c e s s .  

A l l  of t h e  work was c a r r i e d  o u t  i n  a  c o n s t a n t  t empera tu re  

room s e t  a t  24.5 Lfi 0,5 C ,  

Water was a p p l i e d  t o  t h e  top  of t h e  column a t  a  c o n s t a n t  head 

s u p p l i e d  by M a r i o t t e  s iphon ,  b u r e t t e s .  Thus, t h e  i n f l o w  r a t e s  

could  be  measured. 

Annual Report of the U.S. Water Conservation Laboratory



F i v e  d i f f e r e n t  s e t s  of boundary c o n d i t i o n s  were imposed 

on t h e  column: 

1. The w a t e r  t a b l e  a t  10 cm, and 

a .  a i r  a l lowed t o  escape  and e n t e r  i r e e l y  from t h e  s i d e s ;  

b. a i r  a l lowed t o  escape  f r e e l y  b u t  no t  e n t e r  e x c e p t  

from t h e  t o p ;  

c .  a i r  n o t  a l lowed t o  escape  o r  e n t e r  f r e e l y  e x c e p t  

from t h e  t o p  o r  by d i s p l a c i n g  t h e  w a t e r  t a b l e ;  

d .  a i r  n o t  a l lowed t o  escape  o r  e n t e r  f r e e l y  excep t  

from t h e  top  and a l l  ou t f low preven ted  u n t i l  t h e  

w e t t i n g  f r o n t  reached 30 cm; and 

2 ,  a .  The w a t e r  t a b l e  a t  60 cm, and t h e  a i r  n o t  a l lowed t o  

e s c a p e  o r  e n t e r  f r e e l y  e x c e p t  from t h e  top  o r  by d i s -  

p l a c i n g  t h e  w a t e r  t a b l e  ( l i k e  l c ) .  

RESULTS AND DISCUSSION: 

There  has  been v e r y  l i t t l e  i n  t h e  way of meaningful  r e s u l t s  

ach ieved  by t h i s  exper iment  t o  d a t e .  The c a s e s  of r e s t r i c t e d  a i r  

movement have a l l  been f r u s t r a t e d  by l e a k s ,  I n  a column of  180 

cm w i t h  175 p o r t s ,  i t  seems t o  be imposs ib le  t o  p r e v e n t  a l l  l e a k s ,  

S e v e r a l  d i f f e r e n t  schemes f o r  d e t e c t i n g  t h e  l o c a t i o n  of t h e  l e a k s  

have been t r i e d ,  b u t  t h e  l e a k s  seem t o  be t o o  s m a l l  f o r  t h e  u s u a l  

type  of d e t e c t i o n .  They a l s o  seem t o  g e t  worse w i t h  t ime;  i , e , ,  

a t  one s t a g e  t h e  column leaked  on ly  10  cm w a t e r  p r e s s u r e / h o u r  

(Th i s  was t h e  b e s t  v a l u e , ) ,  b u t  6 t o  8  weeks l a t e r  t h e  r a t e  was 

40-50 cm/hour. 

The i n t e r n a l  packing of t h e  column a l s o  appeared  t o  change 

over  t h e  y e a r ,  even though s e v e r a l  c y c l e s  of w e t t i n g  and d r y i n g  

were made b e f o r e  any d a t a  t a k i n g  occur red .  F i g u r e  2 i l l u s t r a t e s  

t h i s  e f f e c t ,  I n  t h i s  f i gu r c ,  t h e  amount of i n f i l t r a t i o n  v e r s u s  

t ime i s  p l o t t e d  f o r  s e v e r a l  d i f f e r e n t  runs  of type  l a  i n  t h e  

Procedure  S e c t i o n .  The run on 10  March was made a f t e r  s e v e r a l  

weeks of d r a i n a g e  and e v a p o r a t i o n  ( l o s s  from t h e  s u r f a c e  and 
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through t h e  l e u c i t e  w a l l s ) ;  t h u s ,  i t  was i n f i l t r a t i o n  i n t o  a  d r y  

column. The runs  on 12 and 16 March were i n f i l t r a t i o n  i n t o  wet 

and i n t e r m e d i a t e  i n i t i a l  c o n d i t i o n s .  A s  expec ted ,  t h e  i n f i l t r a -  

t i o n  i n t o  a  d r y  column occur red  a t  a h i g h e r  r a t e  i n i t i a l l y  t h a n  

t h e  o t h e r  two r u n s ,  b u t  a f t e r  about  an  hour  t h e  s l o p e s  of t h e  

curves ,  o r  f low r a t e s ,  were t h e  same, On 29 December t h i s  same 

exper iment  was r e p e a t e d  on an i n i t i a l  wet c o n d i t i o n .  The i n i t i a l  

rate of in f low w a s  h i g h e r  than  on 12  March, b u t  t h e  f i n a l  r a t e  

was s lower ;  i . e . ,  t h e  s l o p e  was l e s s .  Thus t h e  packing,  p robab ly  

a t  t h e  s o i l  s u r f a c e ,  had changed,  

The amount of d r a i n a g e  v e r s u s  t ime shown i n  F i g u r e  3 waa t h e  

same f o r  a l l  runs  of exper iment  l a .  The s i n g l e  c u r v e  p l o t t e d  i n  

t h i s  f i g u r e  is  t h e  b e s t  r e p r e s e n t a t i o n  of t h e  d a t a .  A s i m i l a r  

p l o t  f o r  t h e  c a s e  of exper iment  2a where t h e  w a t e r  t a b l e  was a t  

60 cm inste.ad of 10  cm is  shown i n  F i g u r e  4. It is  g i v e n  on ly  

t o  show t h e  d i f f e r e n c e  i n  t o t a l  amount of w a t e r  d r a i n e d  from t h e  

column due t o  w a t e r  t a b l e  h e i g h t .  It a p p e a r s  t h a t  most of t h e  

w a t e r  s t o r e d  i n  t h e  column d u r i n g  an i n £  i l t r a t i o n  i s  s t o r e d  i n  

t h e  c o a r s e r  sand and g r a v e l  l a y e r .  The f i n e r  sand does n o t  a p p e a r  

t o  d r a i n  much by g r a v i t y  f low,  T h i s  s i t u a t i o n  may o r  may n o t  be 

r e a l .  P o s s i b l y  t h e  c o a r s e  l a y e r  w i l l  n e v e r  f i l l  because  t h e  f l o w  

r a t e  of t h e  e n t i r e  column is  c o n t r o l l e d  by t h e  f i n e  sand.  Thus 

t h e r e  i s  n o t  r e a l l y  much of a con t inuous  w a t e r  column hanging on 

t h e  upper l a y e r  t o  c a u s e  d r a i n a g e  of t h e  upper  l a y e r .  On t h e  

o t h e r  hand, t h e  column may l e a k  i n  such  a way t h a t  t h e  bot tom can  

always d r a i n  w i t h o u t  p u l l i n g  a i r  through t h e  s u r f a c e  l a y e r ,  

SUMMARY AND CONCLUSIONS: 

Only t h e  r e s u l t s  of t h e  exper iments  where a i r  cou ld  have f r e e  

e s c a p e  and a c c e s s  a l l  a long  t h e  s o i l  column a r e  v a l i d .  A l l  o t h e r  

c a s e s  examined a r e  s u s p e c t  due t o  a i r  l e a k s  a l o n g  t h e  column. New 

columns w i t h  o n l y  p o r t s  f o r  f o u r  o r  f i v e  t e n s i o m e t e r s  and two a i r  

p r e s s u r e  t r a n s d u c e r s  a r e  be ing  c o n s t r u c t e d  and w i l l  be  used t o  
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r e p e a t  t h e  e x p e r i m e n t s  o u t l i n e d  i n  t h i s  r e p o r t .  

PERSONNEL: Herman Bouwer and  F r a n k  D, W h i s l e r  

CURRENT TERMINATION DATE: December  1 9 7 0  
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Elevat ion,  cm 

170 

D 153 a i r  p ressure  

f i n e  sand 

i 
0 

i n t e r f a c e  - - - 3oQ - - 
0 

0 

i" 9 0 

D 70 a i r  p ressure  

coarse  sand 
and g rave l  

Figure I .  Schematic of 4" I . D .  l e u c i t e  column wi th  tensiometers  
and a i r  p ressure  p o r t s ,  
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- "-- -- 
igure 2 .  Infiltration amounts 

versus time on four different dates 
and for three different initial 
conditions; i,e., wet, intermediate, 

- Mar 10-Dry 
-Mar 12-Wet 

-Mar 16-Intermediate 

u ~ e c  29-Wet 
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t - min 

F i g u r e  3 .  Drainage amount v e r s u s  t ime f o r  t h e  c a s e s  of F i g u r e  2 .  
The w a t e r  t a b l e  was a t  10 c m  above t h e  b a s e  of the 
column. 

1-8 
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Drainage - cm 

t - min 

F i g u r e  4. Drainage amount v e r s u s  t ime f o r  r e s t r i c t e d  a i r  a c c e s s  
t o  t h e  column and t h e  w a t e r  t a b l e  a t  60 cm above t h e  
b a s e  of t h e  column. 
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T T'IYJC : WASTIi-WA'J'IX IIICNOVA'I'TON BY SPREADLNG TREATRI) SlrWACI: 

IPOR GROUND-WATER IIECi1ARGE 

CRIS WORK UNIT: SWC-012-gG-1 CODE NO.: Ariz.-WCL 67-4 

INTRODUCTION : 

The y e a r  o f  1970 was t h e  t h i r d  f u l l  y e a r  o f  o p e r a t i o n  o f  t h e  

F lush ing  Meadows P r o j e c t ,  which i s an e x p e r i m e n t a l  p r o j e c t  f o r  

r e n o v a t i n g  secondary sewage e f f l u e n t  by ground-water r e c h a r g e  w i t h  

i n f i l t r a t i o n  b a s i n s .  The p r o j e c t  i s  l o c a t e d  i n  t h e  S a l t  R ive r  bed 

abou t  1 k  m i l e s  downstream (wes t )  from t h e  9 1 s t  Avenue Phoenix Sewage 

Treatment  P l a n t .  The p r o j e c t  was c o n s t r u c t e d  i n  1967 and t h e  b a s i n s  

have been i n t e r m i t t e n t l y  inunda ted  s i n c e  September 1967. 

The e x c e l l e n t  c o o p e r a t i o n  w i t h  t h e  S a l t  R ive r  P r o j e c t ,  which 

r e c e i v e d  a g r a n t  from t h e  F e d e r a l  Water Q u a l i t y  A d m i n i s t r a t i o n  f o r  

p a r t i a l  s u p p o r t  o f  t h e  p r o j e c t ,  was con t inued  i n  1970. The g r a n t  

t e rmina ted  i n  December 1969, a t  which t ime t h e  f i n a n c i a l  s u p p o r t  

Tor t h e  two l a b o r a t o r y  t c . chn ic in i~s  was assumed by t h e  S a l t  River  

Project..  A welcome a d d i t i o n  t o  t h e  cooper-at ivc e f f o r t  i s  t h e  work 

s t a r t e d  i n  1970 by D r .  G .  A. Cole and Miss Joyce  F o s t e r  of  Arizona 

S t a t e  U n i v e r s i t y ,  who a r e  s t u d y i n g  t h e  development and behavior  of  

the  biomass i n  t h e  r e c l a i m e d  sewage w a t e r  i n  ponds. 

The o p e r a t i o n  of t h e  b a s i n s  i n  1970 was aimed a t  maximizing 

annua l  i n f i l t r a t i o n .  Thus, r e l a t i v e l y  long i n u n d a t i o n  p e r i o d s  of  

2 - 3 weeks r o t a t e d  w i t h  dry-up p e r i o d s  of  about  t h e  same l e n g t h  

were held  throughout  t h e  y e a r .  To f a c i l i t a t e  o r d e r l y  p r e s e n t a t i o n  

of t h e  r e s u l t s ,  t h e  r e p o r t  i s  d i v i d e d  i n t o  s i x  s e c t i o n s :  

I. I n f i l t r a t i o n  S t u d i e s ,  

11. Water Q u a l i t y  S t u d i e s .  

111. A q u i f e r  S t u d i e s .  

I V .  Pond S t u d i e s .  

V .  Labora to ry  I n f i l t r a t i o n  S t u d i e s .  

V I .  S~unniary and Conclus ions  . 
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I. . l N F  I.Il'I'I~A'I'LON STU1)IKS 

2 .  Recharge Basin  Management, 

A p lan  of tlie F lush ing  Meadows P r o j e c t  showing i n f i l t r a t i o n  

b a s i n s ,  o b s e r v a t i o n  w e l l s ,  and f i s h  ponds, i s  p r e s e n t e d  i n  

F igure  1. 

On 20 November 1969, t h e  v e g e t a t i o n  was mowed and b a i l e d  i n  

b a s i n s  1, 3, and 6 ,  Thus, a t  t h e  s t a r t  o f  t h e  y e a r  1970, the  b a s i n  

bottoms were i n  t h e  fo l lowing  c o n d i t i o n :  

Basin 1, S t u b b l e  of  s p r a n g l e  top,  barnyard g r a s s ,  and 

o t h e r  n a t i v e  g r a s s e s  t h a t  were a l lowed t o  

"vo lun tee r"  i n  1969. 

Basin 2 .  Bottom covered by 2 - inch  l a y e r  of c o a r s e  sand 

topped by 4 - i n c h  l a y e r  of  3 / 8 - i n c h  g r a v e l  

(p laced  i n  s p r i n g  1968) .  

Basin 3. S t u b b l e  of I~crmuda and n a t i v e  g r a s s e s  and 

o c c a s i o n a l  pa tches  o f  s t r a w .  

Basin 4 .  Four- inch l a y e r  of  bermuda s t r a w .  

Basin 5 .  Four- inch l a y e r  o f  r i c e  s t r a w ,  

Basin 6.  S t u b b l e  of  r i c e  and o c c a s i o n a l  pa tches  of  s t r a w ,  

Throughout t h e  y e a r  o f  1970, i n u n d a t i o n  p e r i o d s  were u s u a l l y  2  - 3 

weeks and dry-up p e r i o d s  were  o f  about  t h e  same l e n g t h .  Inunda t ion  

dep ths  were held  a t  1 f t ,  Th i s  s c h e d u l e  p reven ted  t h e  growth o f  

new v e g e t a t i o n  i n  t h e  b a s i n s .  In  October 1970, t h e  c o n d i t i o n  o f  

t h e  b a s i n  bottoms was a s  fo l lows  : 

Basin I .  No v e g e t a t i o n ,  $ - i n c h  l a y e r  of  s l u d g e  and a l g a e  

which became w h i t e  upon d r y i n g .  

Basin 2 .  Clean g r a v e l ,  c o a t e d  w i t h  s l u d g e  and a l g a e  

d r y i n g  w h i t e .  Organic s o l i d s  a l s o  p r e s e n t  

he twec~l  g rave  L particles . 
Basin 3 .  A s  No. 1, but  about 10% o f  t h e  bottom covered 

w i t h  bermuda s t r a w  from 1969 growing s e a s o n ,  

Basin 4 .  Two-inch l a y e r  o f  bermuda s t r a w ,  covered by 

s l u d g e  and a l g a e  c r u s r  o f  2 - inch  t h i c k n e s s .  
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Basin 5. A s  No. 4 ,  but  w i t h  r i c e  s t r a w  i n s t e a d  of  

bermuda s t r a w .  

Basin 6 .  As No. I, bu t  w i t h  o c c a s i o n a l  pa tches  o f  r i a>  

s t r a w .  

On 29 October ,  a f t e r  a  dry-up o f  20 days,  t h e  s t r aw,  s ludge ,  

and a l g a e  l a y e r s  i n  b a s i n s  3, 4, 5, and 6 were removed by "shaving" 

t h e  bottom w i t h  n f r o n t - e n d  l o a d e r ,  l e a v i n g  e s s e n t i a l l y  b a r e  s o i l .  

'I%c' clrr;~ l l t y c) I 1 I t ( >  sc~cbontl:rry sc1witp,t. c l l l i ient  l ol  lowcbd t h c  

u s u a l  annua l  p a t t e r n .  High suspended s o l i d s  c o n c e n t r a t i o n s  (20-50 

m g l l )  p r e v a i l e d  i n  t h e  f i r s t  few months o f  1970. Improvement i n  

t h e  q u a l i t y  was observed i n  A p r i l  and May, and d u r i n g  t h e  summer 

aild c n r l y  l a l l ,  the cSSluent  was very  c l e a r  w i t h  nusperltled solid 

c o n t e n t s  of  on ly  1 -3  mg/l .  In  November and December, the  suspended 

s o l i d s  c o n t e n t  was a g a i n  i n  t h e  20-50 mg/l r ange .  I n  t h e  w i n t e r  

months, t h e  e f f l u e n t  was sometimes almost  b l a c k  w i t h  a  d e p t h  o f  

v i s i b i l i t y  of  about  1 inch!  

2 .  I n f i l t r a t i o n  R a t e s ,  

The i n f i l t r a t i o n  r a t e s  f o r  t h e  b a s i n s ,  a11  f o r  a  w a t e r  d e p t h  

o f  about 13  i n c h e s ,  a r e  shown i n  F i g u r e  2.  The r a t e s  were o b t a i n e d  

from con t inuous  r e c o r d s  of  t h e  i n f l o w  and ou t f low,  a s  measured w i t h  

c r i t i c a l - d e p t h  f lumes f o r  each  b a s i n .  For e a c h  i n u n d a t i o n  p e r i o d ,  

i n f i l t r a t i o n  r a t e s  were p l o t t e d  f o r  eve ry  6 hours .  The r e s u l t i n g  

p o i n t s  u s u a l l y  f i t t e d  a  s t r a i g h t  o r  broken l i n e  which a r e  t h e  

l i n e s  shown i n  F i g u r e  2. 

I n u n d a t i o n  p e r i o d s  were g e n e r a l l y  2  - 3 weeks and t h e  d ry -  

up p e r i o d s  were o f  abou t  t h e  same l e n g t h .  Cons ide rab le  i n c r e a s e s  

i n  i n f i l t r a t i o n  were o b t a i n e d  w i t h  t h e  21-day dry-up p e r i o d  from 

23 March t o  13 A p r i l ,  t h e  21-day dry-up from 27 J u l y  t o  17 August, 

and t h e  18-day dry-up p e r i o d  from 4 t o  22 September,  The i n f i l -  

t r a t i o n  r a t e s  a f t e r  t h e  24-day dry-up from 9  October  t o  3 November, 

i n  which b a s i n s  3, 4 ,  5, and 6 were a l s o  c leaned ,  were not  a s  h i g h  

a s  might be expec ted  because  o f  t h e  i n c r e a s e d  suspended s o l i d s  

c o n t e n t  o f  t h e  e f f l u e n t  w a t e r .  The f a c t  t h a t  t h e  c l e a n e d  b a s i n s  
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show an i n f i l t r a t i o n  recovery  whereas t h e  i n f i l t r a t i o n  r a t e  i n  

b a s i n  1, which was riot c l eaned ,  showed no i n c r e a s e  a f t e r  t h i s  d ry -  

up p e r i o d ,  i n d i c a t e s  t h a t  t l w  c l e a n i n g  o p e r a t i o n  d i d  have a  

f a v o r a b l e  e f f e c t  on t h e  i n S i l t r a t i o n  r a t e s .  

I n f i l t r a t i o n  r a t e s  were i n  t h e  range of  1 t o  2 f t / d a y  d u r i n g  

t h e  w i n t e r  months w i t h  low q u a l i t y  e f f l u e n t ,  and i n  t h e  range of 

2  t o  4  Ft/day d u r i n g  t h e  summer and e a r l y  f a l l  when t h e  e f f l u e n t  

was ve ry  c l e a r .  The i n f i l t r a t i o n  r a t e s  g e n e r a l l y  d e c r e a s e d  

l i n e a r l y  w i t h  t ime.  O F  i n t e r e s t  i s  t h e  i n u n d a t i o n  p e r i o d  13-27 

A p r i l ,  when t h e  i n f i l t r a t i o n  r a t e  i n c r e a s e d  w i t h  t ime f o r  a l l  

b a s i n s .  Th i s  could  have been caused by a  d e c r e a s e  i n  t h e  suspended 

s o l i d s  c o n t e n t  of t h e  e f f l u e n t  d u r i n g  t h a t  p e r i o d  and decomposi t ion 

o f  s o l i d s  d e p o s i t e d  on t h e  s o i l  s u r f a c e .  

Accumulated i n f i l t r a t i o n  amounts f o r  the  y e a r  1970 a r e  shown i n  

F igure  3 .  The l i n e  w i t h  t h e  d o t s  i s  t h e  average  o f  a l l  b a s i n s  and 

i t shows t h a t  ail ave rage  i n f i l t r a t i o n  of 400 f t  was o b t a i n e d  f o r  

t I a  'i'llus, ol1c2 n c r c  o l  rc~clra~-gc~ has  11, cat1 renova to  400 

acre-1  t ol sewage ec f l u c n t  p e r  y e a r ,  or 0.36 mgd. 

I n  comparing t h e  i n f i l t r a t i - o n  curves  f o r  t h e  i n d i v i d u a l  bas i n s ,  

t h e  o r i g i n a l  i n f i l t r a t i o n  r a t e s  of  t h e  b a s i n s  when t h e  e f f l u e n t  

was l i r s t  a p p l i e d  and a l l  b a s i n s  were i n  the  same c o n d i t i o n  (ba re ,  

v i r g i n  s o i l ) ,  shou ld  be taken i n t o  account .  These r a t e s ,  measured 

f o r  the  pe r iod  21-26 September 1967 w i t h  c l e a r  e f f l u e n t ,  a r e  shown 

i n  the  second column of  Tab le  1. Because c logg ing  of  t h e  s u r f a c e  

a n d  b i o l o g i c a l  a c t i o n  i n  t h e  s o i l  had [lot y e t  t aken  p lace ,  t h e  

d i f t e r e n t  i n f i l t r a t i o n  r a t e s  i n  September 1967 must be a t t r i b u t e d  

t o  a  d i f f e r e n c e  i n  average  h y d r a u l i c  c o n d u c t i v i t y  o f  t h e  bottom 

s o i  1, a s  caused by s l i g h t  t e x t u r a l  d i f f e r e n c e s .  The h i g h e s t  

o r i g i n a l  i n f i l t r a t i o n  r a t e s  were observed i n  b a s i n  2, t h e  lowest  

i n  b a s i n  6 .  The t h i r d  column i n  Table  1 shows t h e  accumulated 

i n f i l t r a t i o n  amourtts f o r  1970. In the  f o u r t h  column t h e s e  v a l u e s  

a r tx  t l ivi  tlc.tl b y  t lit. !;c~pLcmlwr 1047 i 1 1 1  i l t r a ~ i o r ~  r n t c s .  S c t t  iltg t he 

ilii:hcst v a l u e  i n  the l o u r t h  colutn~l a t  100, and a d j u s t i n g  t h e  
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o t h c r  v a l u e s  accorc l i~ rg ly ,  y  i c l d s  indexes  of  r e l a t i v e  i n f  i l t r a t i o r i  

whiclr a r c  sl~owu i ~ i  t he  l a s t  colun\l\. Thcse d a t a  show t h a t  t l ~ o  

lowest  r e l a  t  i v c ~  i nl i l t r a t i o n  r a t e  occur red  i n  b a s i n  2 ,  which was 

covered by a  g r a v c l  l a y e r  i n  t he  s p r i n g  of  1968. The adverse  

c f fcc . t  of t h e  g r a v e l  l a y e r  may be due t o  t h e  f a c t  t h a t  t h e  g r a v e l  

l a y e r  a c t s  a s  a tnulcli and thus  p r e v e n t s  d r y i n g  of t h e  u n d e r l y i n g  

s o i l ,  Also, suspcnded s o l i d s  and f i n e  s o i l  p a r t i c l e s  blown i n  a s  

" Jus t  . "  may lt,lvt. s c r  t l e d  a t  L Iw g r a v e l  - s o i  l i n t e r  l act a~irl c;lu$,cbti 

c 1 o;:?: i11g 1) I t s o  i I sl i t -  f : I ( , ( ,  . A:, rncboL i o ~ ~ c ~ c l  i 11 A I I ~ I I ~  I I t ( ~ p o r - t  I ObO, 

t h e  c logg ing  e t l c c t  of  t h e  g r a v e l  l a y e r  was c o ~ i c e n t r a t e d  a t  the  

g r a v e l - s o i l  i n t c r f  a c e .  The h i g h e s t  r e l a t i v e  i ~ ~ r i l t r a t i c t n  r a t e s  

occrtrrcld i n  1)asins 1 ,  3 ,  and 4 ,  which had g r a s s  v e g e t a t i o n  i 1 1  

1969. A p p a r t . ~ ~ t  ly ,  Lypc of g r a s s  o r  removal of s t r a w  d i d  not have 

a  s i g n i f i c a n t  e f f e c t  o n  i n f i l t r a t i o n ,  a s  i n d i c a t e d  by t h e  s i m i -  

l a r i  ty hetwclc~l t l l ~  i~ldexc.s fo r  t h e  r i a t ivc -g rass  s t u b b l c  i l l  h a s i n  1, 

t llc 1wr1nucl:r s ( i ~ h l > l ~ >  i l l  h a s i t ~  3 ,  and thv bcrmtlda s t r a w  i 1 3  1)nsi11 4 .  

Basins 5 and  6, whicll itad r i c e  i r l  1969, showed somewhat lower 

i l l f i l t r a t i o n  inclexcs i n  1970. The removal of  the s t r a w  i n  b a s i n  b 

d i d  oat- have much e f l e c t  on the  i n f i l t r a t i o n ,  s i n c e  the  index i n  

b a s i n  b w i t h  the  r i c e  s t u b b l e  i s  about  t h e  same a s  the  index  i n  

b a s i n  5 where t h e  r i c e  s t r a w  was no t  removed. 

3. Tilundatio~l sc l i e t lu l i~ ig  l o r  maximum long- term i n f i l t r a t i o n .  

11lspc~(-1 ioti I l i t1  i 1 1 1  i I t  r a t  i o ~ j  I - : I ~ P S  i l l  t I I P  h a s i t ~ s  s i 1 1 c 1 ,  t 1x4 

.clt a r t  0 1  t I ~ y ~ ) r o j t ~ c t  i 11 Septei~iber 1067 stlows t  lla t ,  g c ~ ~ l r ~ r - a l i y ,  

( a )  thcl i n f i l t r a t  io11 r a t e s  d e c r e a s e  l i n e a r l y  w i t h  t ime,  ( b )  d r y -  

u p  p e r i o d s  o f  a  few days a r e  not e f f e c t i v e  i n  r e s t o r i n g  i n f i l t r a -  

t ion r a t e s ,  and ( c )  s i g n i f ' i c a n  t  i n f i l t r a t i o n  r e c o v e r i e s  a r e  

o b t a i n e d  on ly  w i t h  dry-up p e r i o d s  o f  a t  l e a s t  10 t o  20 days .  

The i n f i l t r a t i o n  recovery  d u r i n g  dry-up i s  i l l u s t r a t e d  i n  

F igurc  4, which is  based on c y l i n d e r  i n f i l t r o m e t e r  mrasurcrncnts i l l  

b a s i n  1. Each p o i n t  i n  t h e  graph i s  t h e  average  f o r  s i x  i n f i l t r o m -  

e t e r s ,  which were i n s t a l l e d  about  10 f t  a p a r t .  The i n l ' i l t r o m e t e r s  

were about b inches  i n  d iamete r  and they were d r i v e n  about  6 
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i nchcs i n t o  t lw s o i  l . 'rlw dat  ;I i n d i c a t e  tllc f i n a l  i n f i  l t  r a t i o n  

r : ~ t o  antl t licy n p l ) l y  L O  :I wat ($1- tlcpt 11 o f  6 i i ichc~s.  Tlw s t  a t - t  i it!; 

p o i n t  f o r  t h e  c u r v e s  ill F igure  4 was o b t a i n e d  from t h e  i n f i l t r a -  

t i o n  r a t e  i n  t h e  e n t i r e  b a s i n  a t  t h e  end of  t h e  p reced ing  inunda- 

t i o n  pe r iod  (F igure  2 ) .  The c u r v e s  show t h a t  most of t h e  

r c s t o r a t i o n  of  t h e  i n r i l t r a t i o n  r a t e  occurs  between t h e  5 t h  and 

1 0 t h  day a f t e r  t h e  s t a r t  o f  t h e  dry-up p e r i o d .  The d a t a  f o r  

F igure  4 were o b t a i n e d  i n  March-April  and J u n e - J u l y .  In  t h e  

w i n t e r  months, a  s lower  recovery  can be expec ted .  

Schemat ic  c u r v e s  of  t h e  d e c r e a s e  i n  i n f i l t r a t i o n  r a t e  d u r i n g  

inundation and t h e  recovery  i n  i n f i l t r a t i o n  d u r i n g  dry-up a r e  

p r ~ s c n t e d  i n F'i~r,uro 5 .  Thesrb cur-vcls a r c  bnscci on t lw i n f i  I t r n t i  on 

behav io r  obscrvc~tl s i n c e  September 1967 (such a s  prescntcld i n  

F igure  2 f o r  1970) and on F igure  4 ,  The i n f i l t r a t i o n  r a t e  i s  

expressed  on a  r e l a t i v e  b a s i s ,  t a k i n g  a  v a l u e  of  100 For t h e  

i ~ l f i l t r a t - i  on ra t ( .  a t  t h e  bc~gi~~r l i r lp ,  o f  an i n u n d a t i o n  p c r i o d .  

Genera l ly ,  t h e  inl i l t r a t  i o ~ )  r a t e  d e c r e a s e s  l i n e a r l y  w i t h  time l o r  

about  a month, a f t e r  which i t  approaches  an e s s e n t i a l l y  c o n s t a n t  

" r e s i d u a l "  v a l u e .  I n f i l t r a t i o n  recovery  s t a r t s  a f t e r  about  4  days  

dry-up and is  e s s e n t i a l l y  completed a f t e r  abou t  12 days  i n  t h e  

summer, and about  20 days i n  t h e  w i n t e r .  

Assuming f u l l  i n f i l t r a t i o n  recovery  a f t e r  12 days  dry-up i n  

t h e  summer and 20 days  i n  t h e  w i n t e r ,  long- te rm i n f i l t r a t i o n  

r a t e s  (which i n c l u d e  t h e  t ime t h a t  t h e  b a s i n s  a r e  no t  i n u n d a t e d )  

were c a l c u l a t e d  f o r  d i f f e r e n t  l e n g t h s  o f  i n u n d a t i o n  p e r i o d s .  The 

r e s u l t s ,  p l o t t e d  i n  F igure  6 w i t h  t h e  i n f i l t r a t i o n  r a t e  a t  t h e  

s t a r t  o t  t lw i r ln i~dat  ion pc r iod  a g a i n  taken a s  100, show a  f l a t  

peak w i t h  a  maximum a t  i n u n d a t i o n  p e r i o d s  of  24 days i.17 t h e  

summer and 30 days  i n  t h e  w i n t e r .  Near-maximum long- term r a t e s  

a r c  o b t a i n e d  a s  long a s  t h e  i n u n d a t i o n  p e r i o d s  a r e  i n  t h e  20 - 40 

day range,  however. Because t h e  i n g i l t r a t i o n  recovery  may be 

s lower  a f t e r  a  long i n u n d a t i o n  than  a f t e r  a  s h o r t  i n u n d a t i o n ,  
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i t  would probably  be b e s t  t o  use  i n u n d a t i o n  p e r i o d s  t h a t  a r e  c l o s c r  

t o  20 than t o  4 0  days .  Thus, maximum long- term i n f i l t r a t i o n  would 

probably  be o b t a i n e d  w i t h  i n u n d a t i o n  p e r i o d s  o f  16 - 24 days ,  

a l t e r n a t e d  w i t h  dry-up p e r i o d s  of  12 days i n  t h e  summer and 20 days 

i n  t h e  w i n t e r .  

S I 1 1 i . c ~  C , C ) I I I I ) I  1 . 1  i 1 1  I i 1 1  I . : I ~  i c ) i ~  I o ~ ~ o v ~ ~ r y  L o  1 ] I ( *  o r  i}:i ti:t I vii 1 I I ~ Q : ~  

may not always bi, o b t a i i x d ,  an o c c a s i o n a l  e x t r a  long dry-up pe r iod  

may be d e s i r a b l e .  The b e s t  t ime f o r  such  an extended dry-up p e r i o d  

i s  when d r y i n g  c o ~ t c l i t i o n s  a r e  f a v o r a b l e .  For the  Phoenix a r e a ,  

s i rc l~  Litnt.:; : , I -(> ~)t-ol);il>ly spt-in!:, tit r c l s to r r  t h c l  i ~ ~ l i i t r a t  i o ~ i  : i l l t b r  

t h e  W L I J L ~ I -  s eason ,  ; I I I ~  l a l l ,  t o  s t a r t  the  wi t i t c r  season w i t h  Iiigh 

r a t e s .  

To i l l u s t r a t e  the  use  o f  t h e  curves  i n  F igure  6, they w i l l  be 

a p p l i e d  t o  tile 1970 i n P i l t r a t i o n  oS b a s i n  5, which has an i n f i l t r a -  

t i o n  behav io r  t h a t  i s  ve ry  c l o s e  t o  t h e  average  of  a l l  s i x  b a s i n s  

(F igure  3 ) .  The p e r i o d  13 A p r i l  - 1 November w i l l  be c o n s i d e r e d  

a s  summer, and t h e  r e s t  o f  t h e  y e a r  a s  w i n t e r .  For the  201-day 

summer pe r iod ,  the  i n f i l t r a t i o n  r a t e  a t  t h e  s t a r t  o f  each  inunda-  

t i o n  pe r iod  averaged 2 .9  S t l d a y .  For t h e  164-day w i n t e r  p e r i o d ,  

t l ~ i s  avrraj:ch was 2 .  I f t / d i ly .  'I'lio averago 1cn~:t l i  o f  i nundat ion was 

10. l d:ry !; lor  i l ~ c .  ..;\tlrIrncr ant\ L O  .H cl:iys i or- t h e  w i  I I ~  el-. Accord i11k: 

t o  F igure  6, the  average  long- term i n f i l t r a t i o n  r a t e  f o r  t h e s e  

i n u n d a t i o n  p e r i o d s  would be 48% o f  t h e  average  i n t a k e  r a t e  a t  t  lw 

s t a r t  o f  t h e  inunda t ion  p e r i o d s  i n  t h e  summer, and 3 8 x 1 1  the  

wiotc>r .  Thus, rhc  accumulated i n f i l t r a t i o n  d u r i n g  the  summer 

p e r i o d  would be 0.48 x 2.9  x  201 = 280 f t  and d u r i n g  t h e  w i n t e r  

p e r i o d  0.38 x  2.1 x  164 = 131. f t .  Th i s  g i v e s  a t o t a l  i n f i l t r a t i o n  

o f  411 f t  f o r  t h e  e n t i r e  y e a r ,  which i s  c l o s e  t o  t h e  measured 

i n f i l t r a t i o n  of 406 f t  a s  shown i n  F i g u r e  3 .  Thus, t h e  i n u n d a t i o n  

s c h e d u l e s  p r a c t i c e d  i n  1970 y i e l d e d  an accumulated i n f i l t r a t i o n  

t h a t  was c l o s e  t o  t h e  t h e o r e t i c a l  maximum. The agreement a l s o  

s u p p o r t s  t h e  v a i i d i t y  o f  t h e  schemat ic  r e l a t i o n s h i p s  f o r  

i n l i l t r a t i o n  d e c l i n e  and recovery  p r e s e n t e d  i n  F igure  5 .  
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LI . WATER QUALITY STUDIES 

1. Sampling, Observa t ion  Wel ls ,  and A n a l y t i c a l  Techniclues . 
Sampling scheclules and t echn iques  i n  1970 were t h e  same a s  

d e s c r i b e d  f o r  1969 (Sec Annual Rcpor t  1969) .  The o b s e r v a t i o n  w e l l s  

(sclt. I:it:urt. 1 101- 1 o c n l i o ~ ~ s )  , wllicl~ a r c  ctisvd a11d OI)( ' I I  a t  t ht' 

bot torn, a r c  20 I f  tlccp, except  thc  East Ccntcr  W ~ l l  (ECW) whicll i s  

30 f t  deep, and t h e  West Center  Well (WCW) which i s  100 f t  deep.  

The East  Well (EW) i s  250 f t  deep,  bu t  w a t e r  i s  o b t a i n e d  from t h e  

10-30 f t  d e p t h  l c v c l  where t h e  c a s i n g  is p e r f o r n t t > d .  The s t a t i c  

ground-watc~r I a b l C  was a t  a  c l r ~ p t l l  of  ahout 9  J t  tlirougl,out 1070. 

S t a r t i n g  15 November 1970, tlle n i t r o g e n  a n a l y s e s  were perfornreci 

w i t h  t h e  Technicon AutoAnalyzer.  A Beckman 915 T o t a l  Organic 

Carbon Analyzer was a c q u i r e d  and made o p e r a t i o n a l .  In 1971, COD 

and  NOD w i l l  be r e p l a c e d  by TOC c o n t e n t .  I n  t h e  l a s t  monihs of 

1970, c o l i f o r m  d e n s i t i e s  were a l s o  determined w i t h  t h e  membrane 

f i l t c r  t e c h n i q u e ,  which w i l l  probably  be used i n  1971 i n s t e a d  o f  

t h e  m u l t i p l e - t u b e  f e r m e n t a t i o n  method employed s o  f a r .  

2. Chemical Oxygen Demand. 

The COD o f  t hc ~~~~~~~~~~~y s(.wngcl t. f f I t tent ,  which was the. i 1 1 1  l t ~ t > n t  

l o r  t I R ,  I - ( , C \ I : I I  j3,f, \ ) < I S  i I I S ,  :il~ow(~d , I  s i n r i  1 ;tr t r i ~ t ~ d  i 1 1  1070 : I S  i t < I  i t 1  i I I  

1000, w i t h  v a l u c s  g c i i e r a l l y  near  40 mg/l i n  t h e  summcr a n d  w a r  50 

mg/l i n  the  w i n t e r  (F igure  7 ) .  Some w i n t e r  v a l u e s  were w e l l  i n  

the. 50-100 mg/l r ange .  Tile COD of' t h e  renova ted  w a t e r  i n  w e l l s  

1 - 2 ,  ECW, and 5-6 was u s u a l l y  i n  t h e  10-20 mg/1 range ,  wit t i  t h e  

va1ut.s from we 1 l 1 - 2  most of the  time be ing  s l i g h t l y  h igher  than  

the  o t h e r s  (F igure  7 ) .  

COD-values f o r  t h e  renova ted  w a t e r  i n  t h e  o t h e r  w e l l s  were 

a l s o  u s u a l l y  i n  t h e  10-20 mg/l range (Table 2 ) .  The 9 1 s t  Avenue 

w e l l  i s  an i r r i g a t i o n  w e l l  which i s  l o c a t e d  about  1$ m i l e s  e a s t  

f r o m  t h e  p r o j e c t  a r e a  and y i e l d s  n a t i v e  ground w a t e r .  Well 8 

began y i e l d i n g  renova ted  w a t e r  i r l  October 1970, when t h e  s a l t  

c o n c r n t r a t i o n  had reached t h e  900-1100 mg/l r ange  oP t h e  sewage 

e f f  l u c n t  ( see  "l) issolvcd ~ a 1 t s " ) .  The West Center  Wcll begarl 
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3. Biochemical Oxygen Dcmand. 

ROD-valurs fo r  the  Eas t  Ccriter Well were detcrrnincd i  r l  t tic 

9 l s t  Avenue 'I'rcatment P l a n t  l a b o r a t o r y  a lmost  wee1c'l.y f o r  tlic pcriotl 

A p r i l - J u l y .  The BOD of  t h i s  r enova ted  w a t e r  was w e l l  below 1  m g / l  
5 

(F igure  7 ) .  The BOD, of' t h e  i n f l u e n t  i s  u s u a l l y  i n  t h e  10-20 q;/l 
3 

range . 
4 .  Ni t rogen.  

The t o t a l  n i  t rogeli  c o n t e n t  o r  t h e  i n f l u e n t  i n  1970, obtaiirecl 

by add ing  orjcanic N (usual  l y  about 1 mg/ l )  t o  NH -N, i s  shown ill 
4 

F i g u r e  8 ( n i t r a t e  and n i t r i t e  a r e  n e g l i g i b l e  i n  t h e  sewage e f f l u e n t ) .  

The t o t a l  n i t r o g e n  c o n t e n t  oF t h e  i n f l u e n t  was 25-35 mg/l f o r  t h e  

machines i n  t ltc hot  Phocnix surnmcr . 
A revcbrsc  t r e n d  occur red  f o r  t h e  NN -N c o n t e n t  o f  t h c  r e n o v a t e d  

4 
w a t e r  from ECW (F igure  8), which i s  i n  t h e  5-10  m g / l  range for  t h r  

w i n t c ~ r  luoilths h u t  h igher  i n  t h e  summer pe r iod  w i t h  a peak of  about 

15 mg/l i n  May-June. Th i s  t r e n d  i s  c l i i f i c u l t  t o  e x p l a i n ,  e s p e c i -  

a l l y  s i n c e  v e g e t a t i o n  was no t  a l lowed t o  deve lop  i n  t h e  b a s i n s .  

Perhaps g r c a t t l r  i n i c r o b i o l o g i c a l  a c t i v i t y  i n  t h e  surnmer r e s u l t e d  

i n  t h e  fr ixation o l  ammonia, e i t h e r  d i r e c t l y  i n  the  biomass,  o r  by 

some of  t h e  s t a b l e  o r g a n i c  compounds produced i n  t h e  decay of  micro- 

organisins and o t h e r  o r g a n i c  m a t t e r .  These compounds and p a r t  of  

t h e  biomass cou ld  t h e i ~  s lowly  b reak  down i n  l a t e  f a l l  and  w i n t e r  

w i t h  r e s u l t i n g  m o b i l i z a t i o n  of  NH - N .  A s i m i l a r  t r e n d  was obse rved  
4 

i n  1949, but  a t  a  somewhat lower l e v e l  (about  5 m g / l  i n  t h e  w i n t e r  

and 1 0  il~g/I i "  t h c l  summer w i t h  n pcak i r i  Juilc.; scc  Ar~~lua l  iic~pot-t 

196'9) a 

S i n c e  2 -  3 wc.c.k i n u n d a t i o n  p e r i o d s  were held  throughout  tlic~ 

y e a r ,  NO, -N c o n c e n t r a t i o n s  wcre ve ry  low i n  t h e  rerrnva tcd  w a t e r ,  
J 
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cxccpt  l o r  n p e r i o d  of  n tcw days about  1 week a f t e r  rhe  s t a r t  o f  

a  new i n u n d a t i o n  p e r i o d ,  when NO - N  c o n c e n t r a t i o n s  were h igher  
3 

(F ixure  8 ) .  'rhesc llpeslcs" i n  tile NO - N  c o n t e n t  a r e  d t ~ e  t o  a r r i v a l  
3 

of  n i t  t - i  l i ~ c l  sewaj:c ( > I  1 I L I P I I ~  lie LC\ a s  c a p i l  l a r y  w a t e r  d u r i n g  the  

p reced ing  dry-up p e r i o d ,  and pushed down by t h e  newly i n l i l t r a t e d  

w a t e r  when i n u n d a t i o n  was resumed. Also, n i t r o g e n  s t o r e d  i n  t h e  

s o i l  a s  adsorbed ammonium, may be conver ted  t o  n i t r a t e  d u r i ~ l g  t h e  

dry  pe r iod  aircl c o ~ i t r i b u t e  t o  t h e  NO -peaks .  Th i s  e x p l a i n s  why t h c  
3 

NO -N c o n t e n t  o l  t h e  peaks sometimes exceeds  t h e  t o t a l  N-contcnt  
3 

of  t h e  i n f l u e n t .  S ince  t h e  peaks tended t o  occur  around weelcencls, 

when no samples were taken,  maximum NO - N  c o n c e n t r a t i o n s  were 
3 

sometimes l e P t  u n d e t e c t e d ,  Thus, low peaks such  a s  the  ones i n  

June,  J u l y ,  and November, may i n  a c t u a l i t y  have been a s  h i g h  a s  

t lws t~  observed i 11 I~c~bruary  , A p r i l ,  aucl May, In t h e  f u r u r c ,  i r~unda-  

t ion  p c r i o d s  w i l l  be scheduled s o  a s  t o  reduce t h e  chance t h a t  

NO -peaks w i l l  occur  on weekends, 
3 

N i t r i t e  c o n c e n t r a t i o n s  i n  i n f l u e n t  and renova ted  w a t e r  were 

n e g l i g i b l y  low. Thus, accord ing  t o  F i g u r e  8, n i t r o g e n  removals 

by t h e  s o i  L p u r c o l a t i o n  p roccss  a f t e r  t h e  passage of t h e  n i t r a t e  

p c a k  were ahout  75'2, i n  J anuary ,  50% i n  A p r i l ,  23% i n  June,  4 2 2  i n  

September, a11d 75% i n  November. 'She main n~echanisrns of t h i s  

remova L p roccss  probably a r e  c l e n i t r i f  i c a t i o n  and anunoili.um f i x a t i o n .  

T h r  NO - N  concen t ra t i .ons  f o r  wells  1-2 and 5-6 a r e  shown i n  3 
Figure  9 .  The peaks were h i g h e r  i n  w e l l  1-2, and occur red  somewllat 

sooner ,  than i n  w e l l  5-6, e s p e c i a l l y  d u r i n g  t h e  f i r s t  h a l f  of  the  

y e a r .  Th i s  may be due t o  the  f a c t  t h a t  we l l  1-2 i s  i n  more 

permeable s o i l  m a t e r i a l  than  w e l l  5-6. The a d d i t i o n a l  t r a v e l  time 

could  have r c s u l  t c d  i n  a  r e d u c t i o n  o f  t h e  NO, -peak i r l  w e l l  5-b.  
3 

'The N O  -peaks ill Sr~ptcmlwr,  Oc t c,hcr, and Novernl-tcr wci-ck appnl-c.nL l v 
3 

nlisscd duc  t o  i n s u f f i c i e n t  ircquency of  sampl ing ,  'rhcl N O . - N  u o n -  
3 

c e n t r a t i o n s  a f t e r  passage oC t h e  n i t r a t e  peak were h i g h e r  i n  w e l l  

1-2 than  i n  well  5-6 o r  ECW (F igure  8 ) .  This  could  be p a r t l y  due 

Annual Report of the U.S. Water Conservation Laboratory



t o  tlic i a c t  t h a t  b a s i n s  1 a ~ i d  2, i n  which t h e  w a t e r  y i e l d e d  by 

we l l  1 - 2  has i n l i l  t r a t e d ,  had l i i t l e  ( b a s i n  1 )  o r  n o  ( b a s i n  2 )  

v e g e t a t  ion .  111 c o i i t r a s t ,  b a s i n s  3 aiid 4 ,  from which ECW-water 

i s  d e r i v e d ,  had bcrmuda-grass s t u b b l e  and s t r a w ,  r e s p e c t j v e l y ,  

Basins  5  and 6, where t h e  w a t e r  f o r  w e l l  5-6 i n l i l t r a ~ e s ,  hnu r i c c  

s t r a w  and s  r u b b l e ,  r e s p e c t i v e l y .  Thus, t h e  v e g e t a t i o n  remnants i n  

b a s i n s  3, 4 ,  4 ,  n~td  6  may have caused i n c r e a s e d  removal of n i t roge l i ,  

p o s s i b l y  by i n c r e a s i n g  t h e  o r g a n i c  m a t t e r  i n  t h e  s o i l .  

The NO, -N c o n c e n t r a t i o n s  of the  renova ted  sewage wa te r  from 
3 

t h e  o t h e r  w e l l s  a r e  shown i n  Table  3 ( 9 l s t  Avenue y i c ~ l d i r i g  n a t i v e  

ground w a t e r ) .  Due t o  t h c  g r e a t e r  underground t r a v e l  d i s t a n c e s ,  

t h c  NO -peaks i n  tlic r enova ted  w a t e r  from t h e  w c l l s  a r e  more clis- 
3 

f w r s e d .  Wit l r  I lie mnnthly sanrplinp, program, 1)calts woulcl 1 x 2  c l i  f i c t i l  t  
, . 

t o c1t.l ( ' c  t alrywity . I liot~>;h oCLiiS i 0 1 1 ; l l  1 y NOJ-N r .o~ lc . t~~ l l  riit  i < ) 1 1 ~ ~  i 1 1  

r.xc.clxs ol 10  11i):/ 1 wc'rc obscrvc~d,  tlie c o ~ i c e t l t r a t i o ~ > s  were inos t ly  

below 10  mg/l .  

The NH - N  co r i cen t ra t io i i s  were. h i g h e s t  i n  w e l l s  3 -2  and 5-6,  
(I 

lcss ill w c l l s  1 ,  7 ,  ancl EW, ancl lowest  i n  we l l  8 ;incl W C W  whrre tlic 

c o n c c ~ i t r a t i o t i  was abcxit the  saincl as  t h a t  01- t h e  ~ l a t i v e  ground wntcr  

i t-om 91 s t  Avcnuc wctll (Table  4 ) .  Thus, t h e  NM -N c o r i c c n t r a t i o n s  
4  

wctrc lowci- i i r  t llo I-ib~iova t cd  w n  t c k r  t h a t  had longcr  utidcrgrotirrtl t r a v c l  

arltl tlr.ter\tion t imes .  Wells  1, 5-6, 7, and EW show a  s i m i l a r  a ~ ~ n u a l  

t r e n d  i n  the> NH - N  c o n c e n t r a t i o n s  a s  ECW (F igure  8 ) .  
4 

As r e g a r d s  mechanisms t o r  r ~ i t r o g c n  removal, a s  tilt: sewage wa te r  

moves through t h e  s o i l ,  most of t h i s  removal was a t t r i b u t e d  t o  

h i o d e n i t  r i  r i  c a t i o n  and a d s o r p t i o n  o r  F i x a t i o n  of  ammonium i n  t h e  

s o i l  ( see  Annual l ieport  1969) .  L k n i t r i f i c a t i o n  i s  a  t r u e  l o s s  of 

l i xn  t i on or ntlsorpt  ion,  howcver, n i t r o g e n  i s  s t o r e d  i l l  t h e  s o i  1 . 
' r llis sliould l ~ a v c  an upper l i m i t  and sooner  o r  l a t e r  n i t r o g e n  

reniova1 by l i x n t  io11 or adsorp t io r l  of ammonium must become i n s i  x n i -  

1 i can t  . Recausr 0 1  an  e r r o r  d i s c o v e r e d  z n  tlrc 1969 de te r rn i r i a t io~ t  
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o f  thtl 11itrogcri c o n c e n t r a t i o n s  o f  t h e  s o i l  From t h e  r e c h a r g e  b a s i n s ,  

t h e  amount of n i t r o g e n  t-hat  car) be f i x e d  o r  adsorbed i n  t he  s o i l  i s  

~nuch l e s s  than p r e v i o u s l y  r e p o r t e d .  

The n i t r -oge~ l  c o t i c e n t r a t i o n s  in t h e  s o i l  l rom t h e  recharge  

b a s i  ns,  a s  repnrtcbd i n  Table  7  of A ~ ~ n u a l  Report  196'3, should  be 

s a ~ i d ,  whjch covers  t h e  c o a r s e  sand and g r a v e l  l a y e r s  i n  t h e  S a l t  

bur f occ a r e a .  'l'his amouiiL of I I ~  Lroge~i i s  c o ~ ~ t a i ~ ~ t t d  i 11 a h u ~  0 . 5  1 i t c r  
2 

o i  sewagc p i !  luca~~t . ,  which lor- 1 c m  s u r f a c e  a r e a  cor responds  t o  

t o t a l  i n f i l t r a t i o n  of 500 cm o r  17 f t .  Sii lce thr. accumulated i n f i l -  

t r a t i o n  i n  I)ccembcr I969 (when the  s o i l  n i t r o g e n  arlalyscls were made) 

was about 460 i t ,  t h e  rc~rtoval  of  n i t r o g e n  by f i x a t i o n  and ac1sorpt:ion 

of ammonia i n  the  s o i l  was r a t h e r  i n s i g n i f i c a n t .  

T h e  n i t r o g e n  c o n c e n t r a t i o n s  i n  t h e  s o i l  ( K j e l d a h l  method) l o r  

January  1971, and t h e  c o r r e c t e d  v a l u e s  f o r  December 1964, a r e  

shown i n  Table  ha .  The d u a l  columns f o r  b a s i n s  1 and 4 i n  J anuary  

1971 I - ( \ ! P ~  I o t i i  l l ( \ r t > r ~ t  sc ' ts  of samples,  t a k c ~ t  almut. 10 tiny:, a p a r t .  

' l ' l t c >  ( 1 . 1 t  , I  :~liow 1 I I : I [  I lit, ! t i  t r o v , ( L ~ ~  C O I I I  <>nt i I I  t h ( +  11:it u ra  I s o i  I O I I ~  s  i ( I ( $  

t he  r c c  liargc bas i 11s I I ~ I S  not cllangccl much i n  t  tic 13-month pe r iod  

s e p a r a t i n g  the  samples .  The same i.s t r u e  For t h e  s o i l  from b a s i n  1, 

wherc. t h c  avcragc  l o r  t h e  two s e t s  of  santples f o r  January  1971, 

i . c , . ,  0 .  1 4 5  mj: N/&: of dry  s o i l ,  i s  a lmost  t h e  samtl a s  L ~ K ,  

ave rage  of 0.148 mg N/g s o i  l f o r  Deccmber 1969. The s o i l  from 

t h e  f i rs t  24 i n c h e s  i n  b a s i n  4 a l s o  shows l i t t l e  change i n  n i t r o g e n  

c o n t e n t .  Thus, c lcspi te  t h e  f a c t  t h a t  i n  1970 a n  average  amount of 

400  I t  ol sewage e l  f l u e n t  i n f i l t r a t e d  i n  t h e  r e c h a r g e  b a s i n s ,  t h e  

s o i l  i n  t h e  bas i l l s  c o n t i n u e d  t o  c o n t a i n  on ly  about  0 .1  mg more 

N/g dry s o i l  than  t h e  s o i l  o u t s i d e  t h e  b a s i n s  which was never 

f looded w i t h  sewage e f f l u e n t .  The 0 .1  mg ~ / g  s o i l  r e p r e s e n r s  oiily 
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.I srnn l l I r a v t  1 0 1 1  ( 1 1  t h c ~  ~ ~ i l l - o # c ' ~ i  ~ - ( ~ I I I o v ~ ~  f roll1 tlw s ~ w a g e  d l  l ~ i ( ~ i l t  

( 1 ,  ~ ) * { I I  , b  ! ; I  111. ( : - t t ~ r : r ~ ~ ~ ~  0 1  ~ i i  I r - o j 8 , v t j  i 1 1  t l t c ~  (l:lrs(, * 3 f ~ r i ( l : 7  : I I V I  

\ d l  , I V l 1  Is ~ l l l ~ i ~ ~ i -  I y i i l & T ,  k I t ( >  J- I 1 I :ry<>1 0 I komy sa11<1 ~,(zc~llls u11l i kvly ,  

iiiost of the  nitroger1 removal iilust be a t t r i b u t e d  t o  d e i i i t r i  f i c a t i o r i ,  

5 .  P h o s p l ~ a t e s .  

111  t h e  f a l l  o f  1970, i t  was d i scovered  t h a t  t h e  c a l c u l a t e d  

coz icen t ra t ion  o f  t h e  potassiurn phosphate s o l u t i o n  used Eor p re -  

p a r i n g  s tandarcls ,  was o f f  by a  f a c t o r  2 .  Thus, a l l  pliosphatc- 

phospl-~orus c o n c e n t r a t i o n s  shown i n  p rev ious  r e p o r t s  and papers  

must be d i v i d e d  by two. 

The c o n c e n t r a t i o n s  oU PO - P  of  the  wa te r  from w e l l s  1-2 alld 
4 

i:(;W WC'I-L, d b o ~ ~ t  /lOa;/, l e s s  than  thr. i n  f lueut  co~ lccn t  r a t  i c 7 1 1  i rt 1970 

than t l ~  i n f l u e n t ,  probably  clue t o  the  I i n e r  s o i l  m a t e r i a l s  below 

L h a t  wcl 1.  T l i ~  rcmoval o f  PO from t h e  w a t e r  con t inued  a s  i t moved 
4  

i u r ~ l i e r  t h r o t ~ g l ~  t lie g r o u ~ > d ,  a s  i i rd ica ted by t he lower 1'0 - P  c o ~ ~ c c ~ r l -  
4 

t r a t i o n s  i n  we 11s 1 ,  7, :iirci 8  (I~ ' igurC 1 1 ) .  The PO -I' c o n c e n t r a t i o r i s  
4  

for  WCW, EW, illid 91s t  Avenue w e l l  a r e  shown i n  Table  5 .  

6 .  F luor ic l~ls  . 
7 '11~  aver;tgc I : - co~ l t cn t  of  the  i r i f luent  Tor 1970 was 4.07 r n g / l i t e r  

(Table 6 ) .  The F -con ten t  o f  t h e  renova ted  w a t e r  was h i g h e s t  For 

w e l l s  1-2, ECW, and 5-6,  which a r c  between t h e  r e c h a r g e  t iasins 

(F igure  L ) .  Wells  1, 7, altd EW showed lower F - c o n c e n t r a t i o n s ,  

d u e  t o  the i n c r e a s e d  d i s t a n c e  of  underground t r a v e l  f o r  t h e  w a t e r .  

W c l l  8 and WCW showecl t h e  lowes t  I : -concentra t ions  i n  the  reiiovatetl 

w a t e r .  

7 .  Ik)l~Oli. 

I',oro~i conccbi1t r a t  i 011s i l l  1 I tp  rc~iwvated wa te r  a r t 3  about  thr, s ' l r l i c .  

a s  iri t he  i . n f l u e i ~ t  ('Table 7 ) ,  due  t o  t h e  absence o f  boron- f i x i n g  

rnateri a l s  such a s  i r o n  alicl aluminum o x i d e s  i n  t h e  s o i l  and aqui S o r  

m a t e r i a l .  The 1x)ron c o n c e n t r a t i o n  has shown ari i n c r c a s i n g  t r e n d .  

I n  1968 and 1964, I3-concentra t ions  were g e n e r a l l y  i n  the  0 .4-0 .5  

mg/l r ange .  
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8 .  Meta l s ,  

Metal a n a l y s e s  of  t h r e e  w a t e r  samples were c a r r i e d  o u t  by t h e  

Rober t  S .  Kcrr Water Research Center  of  t h e  F e d e r a l  Water Q u a l i t y  

A d m i n i s t r a t i o n ,  Ada, Oklahoma, The r e s u l t s  (Table  8)  show t h a t  

Zn, PC, Cu,  aiicl N i  a r e  t h e  rnetals  i l l  t h e  sewagc c ~ f f l u e n t  that- wcrcl 

above> t 1 1 t h  c l ( ~ t c ~ c . t  iori I l~tlits. % t i  w:~s rccluced by 7G'%,, Crl by 8'3'2,. 

and N i  by a t  Icclst 897, a s  t h e  w a t e r  moved from t h e  b a s i n s  t o  t h e  

3 0 - f t  dcep ECW. I r o n  was below t h e  d e t e c t i o n  l i m i t  i n  t h e  r e n o -  

v a t e d  w a t e r  . More m e t a l  a n a l y s e s ,  i n c l u d i n g  mercury de t e r ~ n i r t a t i o n s ,  

w i l l  be done i n  t h e  l u t u r e .  

9 ,  n i s s o l v c d  S a l t s .  

Thr d i s s o l v e d - s a l t s  c o n c e n t r a t i o n s  f o r  1970 (Table 9 )  i n d i c a t e  

t h a t  a l l  o b s e r v a t i o n  w e l l s  i n  t h e  p r o j e c t  a r e a  y i e l d e d  renova ted  

sewage w a t e r .  The w a t e r  from w e l l  8 reached sewage-e f f luen t  s a l t  

I p v e l s  i n  Octobcr 1970. The s a l t  c o n c e n t r a t i o n  i n  the  wa te r  from 

WCW, which i s  100 f t  deep and l o c a t e d  i n  t h e  c e n t e r  of  t h e  b a s i n  

a r e a  (F igure  l ) ,  s t a r t e d  t o  show a r e d u c t i o n  i n  August 1969, and 

con t inued  t o  d rop  i n  L970. The 1100-ppm l e v e l ,  which i n d i c a t e s  

t h a t  r lat ivu ground-water  ( s a l t  c o n t e n t  about 4000 ppm) has  been 

c.ssclnt i n  1 l y c.onrplctcly t l isplncctl  by renova ted  scwak~,c w a t c r ,  was 

rt~:lclied i ~ r  S(8ptcnlber 1970. Thus, t h e  d i sp lacement  of  u a t i v c  

ground w a t e r  below WCW took about  3 y e a r s ,  2 y e a r s  f o r  t h e  f i r s t  

t r a c e s  of sewage w a t e r  t o  a r r i v e  ( s e e  Annual Repor t  l969) ,  a r ~ o  

1 y e a r  f o r  compl r t e  ci isplacernent,  S ince  n i t r a t e  peaks and r e l a -  

t ivc  l y  Iligli rii t r n t e  Levcls  clue t o  frequcbnt, s h o r t  i n u r ~ d a t i o i i  

pcriorls  were o l ~ s e r v e d  i n  t h e  renova ted  w a t e r  a t  t h e  beg inn ing  of 

t h e  p r o j e c t  ( s e e  n i t r a t e  l e v e l s  f o r  ECW w a t e r ,  Annual Repor t s  

1967 a i ~ d  1968))  t h e  a r r i v a l  of r enova ted  sewage w a t e r  a t  WCW 

cou ld  be c.xpc.ctcd t o  cause  an i n c r e a s e  i n  t h e   titr rate conceri- 

t r a t i o n  i n  WCW w a t c r .  So f a r ,  however, i n c r e a s e d  n i t r a t e  

c o n c e n t r a t i o n s  i n  WCW have not been observed ( F i g u r e  1 2 ) .  
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10.  & 
The p1-I o f  t h e  sewage e l  t 1uc.n~ i n  1970 ranged between 7 a ~ t d  8 

(Table 1 0 ) .  The  pll of  t h e  renova ted  w a t e r  was somewhat lower and 

g e n e r a l l y  around 7 .  Th i s  lower pH i s  probably  due t o  t h e  b a c t e r i a l  

a c t i v i t y  i n  t h e  s o i l  and r e s u l t a n t  p r o d u c t i o n  o f  CO 
2"  

11. Col i form D e n s i t i e s .  

Feca l  co l i fo rn i  dens  i t i c s  i n  t h e  sewage e f f l u e n t  ( r echarge  

has i I >  i I> f l u r ~ n l  ) wcrt> genera  1 l y  i 11  t h e  100, 000 t o  1, 000, 000 w ,a1>gr1 

(Most Probable  Nu~ubcr pe r  100 nd)  w i t h  a  rncclian o f  about-  2 0 0 , 0 0 0 .  

Presumptive and I e c a l  c o l i l o r m  d e n s i t i e s  i n  t h e  renova ted  

sewage w a t e r  from ECW, expressed  a s  MPN per  100 m l ,  a r e  shown i n  

f:igurc 13,  The MPN i n  t h i s  w a t e r  showed a  te~tdericy t o  increase. 

a f t e r  t h e  s t a r t  of  an i n u n d a t i o n  pe r iod ,  when newly i n f i l t r a t e d  

wa te r  r eached  the  i n t a k e  of  ECW, and t o  d e c r e a s e  d u r i n g  dry-up 

p e r i o d s ,  Thi\ median MPN f o r  t h e  f e c a l  c o l i f o r m s  i n  ECW-water 

was 20, w i t h  a  normal r a n g e  o f  0-300 and a  few v a l u e s  between 300 

and 1000. f o r  w e l l  7, which i s  90 f t  from t h e  n e a r e s t  r e c h a r g e  

b a s i n  (F igure  I ) ,  t h e  median MPN f o r  t h e  f e c a l  c o l i f o r m s  was 1 0  

w i  t t l  a  normal range o f  0-100 and a  few v a l u e s  between 100 and 

500, Well 8, which i s  290 f t  from t h e  n e a r e s t  b a s i n ,  d i d  n o t  

have any c o l i f o r m  b a c t e r i a  s i n c e  November 1970, when renova ted  

w a t e r  Iintl a r r  i v ~ c l  and t ( a s  t i  ng lor c o l i  Forms was begun. 
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I l l .  AQUIFER STUDIES 

I .  K~>spoiisc nt Warct- Table  t o  Ground-Water Recharge,  

Intensive w a t e r - l e v e l  measurements i n  al.1 o b s e r v a t i o n  w e l l s  

( s e e  F i g u r e  1  f o r  Locat ion)  were made f o r  t h e  i n u n d a t i o n  p e r i o d  

2 2  September - 9 October .  The r e s u l t s  (F igure  14) show p iezo-  

m e t r i c  heads a t  t h e  2 0 - f t  dep th  l e v e l  w i t h  r e s p e c t  t o  a  l o c a l  

t)cnch tnarlc. A:; was done prctv ious ly ,  t lw w a t e r - l e v e l  r i s e s  i n  t 11r 

3 0 -  1 1 c l c b t , l )  l l ;~ :~  r ( : c l t r  lcbr Wc 1 1 wvrc> riw l t  i p l  i r.cl by 1. 26 t o  oht a i 11 t lw 

piczon ie t r i c  I c v e l s  l o r  tlie 20-Tt d e p t h  Level ( s e e  Anllual Repor t  

1969) .  The p i e z o m e t r i c  head p r o f i l e s  show a  North-South s l o p e  

p r i o r  t o  the  i n u n d a t i o n .  Tllis i s  probably  due t o  n a t u r a l  r e c h a r g e  

Iroru t h e  el Tlucntr s t r c a m  n o r t h  o f  t h e  b a s i n s  (F igure  l ) ,  which 

c a r r i e d  l a r g e  amounts of  r a i n f a l l  runof f  and exceeded i t s  banks 

f o r  s e v e r a l  days fo l lowing  tlie heavy r a i n s  on t h e  Labor Day 

wei~kcrld ( 5  Scptcmber) .  S tand ing  w a t e r  i n  t h e  low a r e a s  nea r  tlrc 

c f  l l u e n t  channe l  p e r s i s t e d  f o r  s e v e r a l  weeks,  

Considerable r i s e  o f  tile w a t e r  l e v e l s  i n  the  o b s e r v a t i o n  w e l l s  

was alrcacly observed on 23 September, one day a f t e r  inunda t io i i  o f  

t h e  b a s i n s  was s t a r t e d .  Maximum l e v e l s  occur red  on about  

25 Scptrwber-, a f t e r  which the  wa te r  l e v e l s  receded because ol  

tlccrcnsirrg i 1 1 1  i l  t r a l  iotl I - a t t D s .  In~rndat ior i  was s topped on 9 Octohc~r ,  

, 1 1 1 c l  1 \ I ( *  W ~ I I  ( > I -  lcsv(, Is ~ \ r o p p * ( i  r o c ~ v ~ i r t ~ r a l  l y  lower l ( ~ v c ~ l s  1-Iiait ; i t  t 

s t  . I ~ I  ( 7 1  I I N >  i 11~t11iI;rt io11 p ( * ~  i o d .  Titis i ~ i d i c : ~ t  ( I S  :I g(~ir(*1-;11 1 ~ 1 w ~ ~ r  i I I ~ ,  

o l  Llw " s ~ a t i c "  wntclr l e v e l s  due t o  d i s s i p a t i o n  of the  rccli;rrge 

mound caused by t h e  5 September f lood  i n  t h e  e f f l u e t l t  c h a n n e l .  

Well 5-0 rcsponcled i n  s i m i l a r  manner a s  t h e  o t h e r  w e l l s ,  in r f i cn t i  I\)!: 

tl):rt t Irc "opc~rii 11): {rp"  of t l i c .  bot  tom of  t h e  we3 1 by d r i v i  r>g i l l  a  

rod ,  a s  was cloitc i i i  October  1969, was e f f e c t i v e  i n  improving t h e  

rttsponsr? ol L l l i s  w c l l ,  

Ai~ot-lrc~r ini~iisul-rLmi~r~ o i  ttic s  L a t i c  w a t e r  I r v c l  i n t t i c >  wel 1 s was 

rnadc on 2 Decc~mbcr, p r i o r  t o  t h e  i n u n d a t i o n  p e r i o d  o f  2-30 December. 

'The l e v e l s  were lower than  tlie s t a t i c  l e v e l s  on 2 2  September and 

19 October ,  and  t h e  p r o i i l e  a g a i n  was e s s e n t i a l l y  a  h o r i z o n t a l  
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1 i i l c B ,  i ~ l d i ~ i ~ t  il ly,  Lllat tlii' l oca l  P I  l e c t  of t h e  ilooci iii tire c ~ I  I I L I C I I C  

c l r , i r l i ~ c b  l o n  t hc ~rouilcl-wntc>r 1 ah l v liacl tlisappcart.ci. 

2. llydralil i c C:ondi~ctivity of Aqui f c r .  

TIW response  of  t h e  w a t c r  l e v e l  i n  t h e  ECW t o  i n f i l  t r a t i o ~ t  f o r  

t h e  pried 2-30 Dc\cember is shown i n  F igure  1 5 .  An e s s e i ~ t i a l l y  

c o n s t a n t  w a t e r  Icvel prevailcad from 9 t o  14 December a t  an e l e v a -  

t i o n  o f  1.45 t t  above t h e  s t a t i c  l e v e l  of 2 December. The average  

i n f i l t r a t i o n  r a t e s  i n  t h e  b a s i n s  was 2.07 Ct/day on 9 Ilecembcr and 

December. Taking t h e  average  o f  t h e  two v a l u e s ,  

, t l te  ec lui l ibr ium r i s e  01-  t h e  w a t e r  level i n  ECW 

I t r i i ~  ioii r:~li. c.:111 1w c a l c u  lntctd n s  1 . / , ' I /  1 ,07 = 

01' t  lte aqui [ c r  h y d r a u l i c  c o n d u c t i v i t y  o n l y .  

Thus, i t  can be used t o  d e t e c t  p o s s i b l e  changes i n  t h e  h y d r a u l i c  

all>llj~, w i  tli t h e  s t a t i c  w a t e r  l e v e l  c > l e v a t i o n s  in ECW, have thus  

f a r  becri obtainc.cl: 

e q u i l i b r i u m  r i s e  
S t a t i c  w a t e r  l e v e l  i n  ECW i n f i  l t r a t i o n  r a t e  

Sept  1967 

Oc t 1968 

Nov 1969 

1k.c 10 10 

f e e t  l o c a l  RM 

The above d a t a  i n d i c a t e  t h a t  t h e  h y d r a u l i c  conduct i .v i ty  ol t h e  

aquifer has  r c m i  ncd e s s e n t i a l l y  unchanged s i n c e  1968. From 1967 

t o  1968, t h e  h y d r a u l i c  c o n d u c t i v i t y  a c t u a l l y  shows an i n c r e a s e  : 
'I'hi s : ~ p p a r c ~ ~ ~ t  i r icrcase may, a t  l ~ a s t  in p a r t ,  bc n t t r i b t ~ t e c l  t o  

the  4-1 t r i s e  ill s t a t i c  ground-watcc l e v e l  from 1967 t o  196L7 

which could  liavc caused t h e  i n c l u s i o n  of some pcrnieable s t r a t a  
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i 1110 I IN, a q u i  l c r .  Most o l  the  wa te r  t a b l e  r i s e  from 1967 t o  1968 

w:is probahl y  dur. t o  n prolongc~tl f low i n  t h c  S a l t  R ive r  d t ~ e  t o  

r c ~ l t ~ a s c ~  01 w a t e r  I rom the  s t o r a g e  clams i t \  t h e  s p r i n g  o f  1968, 

A I t r r  t h a t ,  t h e  w a t e r  t a b l e  i n  t h e  p r o j e c t  a r e a  has  shown on ly  

a minor r i s e .  S incc  t h e  e l e v a t i o n  of  t h e  bas i l l s  i s  about  8 Ct 

l o c a l  BM (F igure  l 4 ) ,  t h e  s t a t i c  w a t e r - t a b l e  d e p t h  i n  1970 was 

abou t  9 f t .  
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IV. l'ON1) STUDIES 

1 1 1  1969, four  ponds were c o n s t r u c t e d ,  one u n l i n e d  pond nea r  

tltc Easl  Well r c c c i v i n g  renova ted  sewage w a t e r  Irom EW, two l i n e d  

ponds iri t h e  r io r t lwas t  c o r n e r  of  t h e  p r o j e c t  a l s o  r e c e i v i n g  w a t e r  

from EW, and an u n l i n e d  pond near  t h e  e f f l u e n t  pump i n  t h e  ~ i o r t h -  

west  c o r n e r  r ece iv i r lg  secondary sewage e f f l u e n t  (F igure  1 ) .  

I .  Unlined Ponds. 

Thc t i l l  1 i lied polid I-csceivin): sc*coridary sewage e  f f l u e n t ,  r e  rerued 

t o ah t ~ W ~ I I I : I I N ~ I I ~  I f 1uetiL ] ) o I > ( ~  iri l;igi~r(> I , is a h o u t  i0 x [+O I t 

i l l  s i z e  a~icl I, St deq i n  t h e  c e ~ t t c r .  The pond was l i l l (1d  in  tile 

f a l l  of  1969, and c o n s t a n t  w a t e r  l e v e l  was m a i n t a i n e d .  Once a  

werk, t h e  in f low was s topped  f o r  24 hours  t o  measure tile r a t e  of 

l a1  i o l  t lw watrlr  l c v t ~ l  . T h i s  r i l tc  was about 5 f t /tl;iy w l t c ~ ~ i  tltc 

pond was j u s t  f i l l e d .  The seepage then dec reased  t o  a " r e s i d u a l "  

v a l u e  o f  about  0,4 f t / d a y ,  which was main ta ined  For most of 1970 

(F ignrc  1 6 ) .  Bccailsc most of  t h e  s o i l  cloggirlg can be expcActed t o  

be c o n c e n t r a t e d  a L  t lw hot tom s u r f a c e ,  t h e  seepage pe r  f o o t  o l  

dcp th  would be approx imate ly  0.04 f t / d a y .  The r e s u l t s  t h u s  show 

t h a t  t h e  i n f i l t r a t i o n  r a t e s  become v e r y  low under  con t inuous  

i n u n d a t i o ~ l  w i t h  t h e  e f f l u e n t .  For t h e  same reason ,  seepage from 

t h e  1 - 2 f t  deep e f f l u e n t  channe l  runn ing  n o r t h  of  t h e  p r o j e c t  

(F igure  1 )  shou ld  be i n s i g n i f - i c a n t .  Th i s  i s  a l s o  evidenced by 

I lw hori  yolit : \ I  posl  ion o I  t IN. s t a t  i c  w a t e r  t a b l e  (I;ij:urc$ I / + ) .  

Oiily wi tli i ritct-tnit t e ~ i t  i i iunda t io~ i  can s i g ~ i i  f i c a i i t  irif i l t r a ~  io11 

r a t e s  be m a i n t a i n e d .  

Tile u n l i n e d  pond nea r  t h e  East  Well, c a l l e d  t h e  Eas t  Pond, i s  

about 10 x 18 I t  iri s i z e  and 4 f t  deep.  Th i s  pond was i n s t a l l e c l  

1.0 dc tc rmine  how the. seepage from an u n l i n e d  l a k e  f i l l e d  w i t h  

rrclaimecl sewage wa te r  would changc w i t h  t ime,  due t o  "aging" of  

t lie pond .  'Itlit  i a l  l y ,  t h e  seepage r a t e s  were more t hail 6  f t  /day,  

bu t  dccrc>nscd t o  abou t  0.5 l t / d a y  a s  a l g a e  and sed iments  formed 

or1 tlic bottom (F igure  1 7 ) .  The seepage i n c r e a s e  i n  t h e  beg inn ing  

o f  J u l y  was caused by a  t a d p o l e  "explos ion,  " which thoroughly  
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i 1 I i  I ) I I I L I I I  1 1 1  Ar~i:us t  , co~rtl i t ions  wc,rra 11,lck 

t o  norriln 1 and t  I I O  S C . C \ I ) ; + ~ C ~  I - C ~ I L I ~ I I C ~ ~  t o  tile 0 .4 1 t / d a y  l e v c l  . 011 

14 Oc tobcr ,  the  pond was Lreatct l  w i t h  Dew Pond S e a l e r  703, which 

reducc.tl t tic secpagc t o  about  0.1 f t / d a y .  The t r e a t m e n t ,  which was 

a p p l i e d  by J .  B. M i l l e r  of  t h e  U .  S .  Water Conserva t ion  Labora to ry ,  

c o n s i s t e d  o f  a p p l y i n g  the  s e a l e r  evenly  over  t h e  w a t e r  s u r f a c e  a t  

a  r a t e  o f  2000 lbs , ' ac re .  

2 .  Lined Ponds. 

Tlw l i n i n g  for the  two lined ponds i n  the  t lo r theas t  c o r n e r  

( I ~ i ~ ; i i r - c ~  I )  c o l ~ s  i x l  cd ol a  I il>cst-g l a s s -asp l ln l t  111nt-ct-i a1 Ocvt~lopc~cl 

. I (  t I I L ,  l J .  S.  W ; i l ( * i  Cor~sc~rv;i t  io11 I ,~ l l~or i l t c~ry  alrtl wah i l ~ s l a l  l t , c l  t111dc51 

Ll~c s u p e r v i s i o n  of Mr. G .  W .  F r a s i e r .  The l i n e d  ponds, which wcrc- 

d e s i g n a t e d  a s  t h e  E a s t  Lined Pond (ELP) and t h e  West 1, ined Pond 

(WI,I'), a r c  about 3 0  x 4 0  f t  each w i t h  2 :  1  s i d e  s l o p c s .  'I'hey wertl 

l i lc1d w i t ii r i*~rovat  c'(l w a l e r  I t-ont t ltc EW i l l  March 1070. When I r i l  1, 

eacli pond was approx imate ly  5.5 S t  deep w i t h  a  capac i  t y  of about  

21,000 ga l  of  w a t c r  (E1,P - 5.8 i t ;  19,500 g a l :  WLP-5,2 t t ;  

23,000 g a l ) .  Sandy s o i l  from t h e  a r e a  around t h e  ponds was used 

t o  cover t h e  bottom of each  l i n e d  pond w i t h  a 6 - i n c h  l a y e r  of 

sed iment .  The sediment provided an environment f o r  spawning of  

f i s h  and the  e s t a b l i s h m e n t  o f  bottom fauna  impor tan t  t o  t h e  

n u t r i e n t  food c h a i n  o f  f i s h .  

Thc l i n e d  ponds were connected w i t h  an  over  flow p i p e  front t h e  

f<I,P i n [  o t h e  WT,P. Watcr l o s t  froin t h e  ponds by seepage and 

r ~ v ; ~ p ~ - : ~ l  i o n  w i ~ : ,  I cSpl ,~c.c.cl by r c ~ t r o v ~ ~ L ~ ~ t l  wnLcr I rcirn t lit1 lCW. ' i ' l i i  s 

innkc-up wa t c r  was illtroducccl i l l t o  thc  ELP on ly  and the  over  I low 

w a t e r  from the  ELP f i l l e d  t h e  WI,P (Refer  t o  Tab les  2-10, excep t  

f o r  'Cable 7, l o r  t h e  q u a l i t y  of  t h e  make-up w a t e r  from t h e  EM). 

From March th rough  Dc:ccmher v a r i o u s  c h e n ~ i c a l  alld b i o l o g i c a l  

components were ntoliitored by t h e  s t a f i  of  t h e  U. S .  Water Conser-  

v a t i o ~ i  1,aboratory and by Miss Joyce F o s t e r  and D r .  Gerald  Cole 

from t h e  Zoology Ikpar tment  a t  Arizona S t a t e  U n i v e r s i t y .  The 

p r e l i m i n a r y  d a t a  rrlportccl l o r  1970 wj.13 s e r v e  a s  a  h a s i s  l o r  
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i ~ v ; d u c ~ t  .i lrg ; I I ~  t o1-111u Lilt ill!: IIIOL-C' ( I ( ' t  i i i  l e d  i n v e s t i g a t i o n s  on ~ l u t r o -  

phi c a t i o n  and prirnary p r o d u c t i v i t y  i n f r e s h  wa te r  ponds c o n t a i n i n g  

sewage w a t e r  r ec la imed  by ground-water r e c h a r g e  th rough  s u r f a c e  

s p r e a d i n g .  

Ni t rogen and Phosphorus.  Water samples ( d u p l i c a t e  500 ml) were c o l -  

l e c t e d  from each  pond and ana lyzed  by p rocedures  p r e v i o u s l y  d e s c r i b e d  

for n i  t r a t e - N ,  ammonium-N, phosphorus,  chemical  oxygen demand (COD), 

t o t a l  d i s s o l v e d  s a l t s  (TDS) and pH. The r e s u l t s  o b t a i n e d  a r e  surn- 

marized i n  Table  11. Due t o  t h c  primary p r o d u c t i v i t y  o f  t h e s e  ponds,  

t lie coi\ci'nt r a t  i o 1 1  0 1  ili Lra to-N, anmo~>ium-N, and phosp\~c)rus  clc~crc~nsc~cl 

w i t h  f in~c  :if tc>r tlic~ M;~rcl~ [ i l l  in!: o l  t h e  poilds u i t t i l  ;I s t a h i l i z c t l  

c o n c e n t r a t i o n  Level was rcached  i n  each pond, The ELP reached t h i s  

l e v e l  about  8 J u l y ,  whereas t h e  WLP had reached  i t  by 1 June,  

approxirnat e l y  1 1110nt 1 1  c a r 1  i e r .  'X'his probably r e s u l  t c d  I rorn the‘ ncltli - 
t i o n  ol  t h e  rnakc,-i~p wa te r  fro111 t l ~ e  EW i n t o  t h c  ELP on ly ,  w i t h  t h ~  

WLP be ing  replenished f rot11 the  ELP. Thus, the  n u t r i e l i t s  were 

pc~r ioc l i cn l ly  r t ~ p l c n i s l w d  i l l  t h e  EI,P by t h e  make-up w a t e r .  

Cltcruic;ll Oxygc~t 1)cmnnd and T c ) ~  a 1  D i  s s o l v e d  S a l t s  . The COD 

i n c r e a s e d  i n  each pond u n t i l  August, Then t h e  COD d e c r e a s e d  

and s t a b i l i z e d  between 64 t o  74 ppm i n  t h e  WLP and between 30 t o  

38 ppm i n  t h e  ELP. Also, t h e  TDS showed s i m i l a r  t r e n d s  w i t 1 1  t h e  

ELP changing on ly  p e r i o d i c a l l y  whereas t h e  WLP i n c r e a s e d  and 

s t n b i l i z e c l  a t  the  h igher  l e v e l  a f t e r  17 June .  The d i f f e r e n c e s  

i 1 1  COI) ~ I K I  TI)S I X , I  w ( * ( + I I  I hi> pontls IIIFIY parl  Ly lw ilxpl a  i 1wc1 b y  t  Iw 

) : t - c , . ~  t I i : - I1  l)t-ocliic~ i o ~ t  a11i1 p p u  l a  t i O I I  p r c s e ~ l t  i I I  the, W I , P  ( r e  I P I -  

t o  l a t e r  s c c t i o r t  o n  F i s h ) .  S i n c e  t l ~ c  b&P r e c e i v e d  i t s  w a t e r  

through t h e  ELP, e v a p o r a t i o n  may a l s o  have c o n t r i b u t e d  t o  t h e  

hij:her 'FIX l e v c l  i n  t he  WLP. 

p11. T I I ~  t i a l  l y ,  t pi1 ol  tltc pond  water was 7.1,  c~qun l  t o  that:  

of t h e  EW, and i t  was s a t u r a t e d  w i t h  GO Because of' CO 
2 ' 2 - 

ct,nsuntption by the, a l g a e ,  t h e  pH i n c r e a s e d  t o  hetween 8.9 arid 

9 . 3  i n  each pond. 
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C : l ~ l o r o p l ~ y l l  R was p r e s e n l  i 11 t r a c e  amounts i n  l )o th  po r~ds  anti  

c h l o r o p h y l l  C was no t  d e t e c t e d ,  The a b s e n c e  o f  c h l o r o p h y l l  C 

i n d i c a t e d  t h a t  no cliatorns were  p r e s e n t  i n  t h e s e  ponds .  

A qua 1 i t  : i t  ivta cl1; l rnctcr i  z:it ion  of t l lc  a l g a l  popn ln t  ion i 11 E1,F 

0i11y i S \ I I I I I I I : I I - ~  , j . t ,c l  O I I  'I':~hl t *  1 4 .  l:iv(> k t~ow~i  j:o~~t-t-:i < ) I  ~ : I - ( % ~ ~ I I  , I  l l r ; i t ,  

we re  p r e s e n t  w i t h  Clilorogoniurn I ~ c i n g  t lw most p redo ru ina r~ t .  

A~ l l t i s t rodesma  was common and t h i s  i s  n  g e n e r a  a s s o c i a t e d  w i t h  

f r c s h  w 3 t f . r  a n d  i s  n o t  p r e s e n t  i n  p o l l u t e d  w a t e r s .  T h r e r  unknown 

s p c c i e s  o f  grc'i'il algae were  c l ~ t  r,c teci a d  o n l y  oiic I:cncra of '  b l u c  

green a l g a c ,  O s c i i  L a t o r i a ,  was p r c s e n l ,  A l so ,  no d i a t o m s  wcrc  - 
clc t c c  t c d ,  cont ' i rai i  nj i  tile a b s e n c e  o f  ChLorophy l l  C .  

F i s h .  T i l a p i n  rnossa~nbica  was in t roc luced  i n t o  t h e  porlds on 6 - 
Each pond r ecc ivec l  30 a d u l t s  w e i g h i n g  a b o u t  220 grams e a c h .  The 

f i s h  were  v i s i b l y  i n j u r e d  b e f o r e  o r  d u r i n g  sh ipmen t  aind t h e  s u r v i v a l  

was c o n s e q u e n t l y  low,  e s p e c i a l l y  i n  t h e  WLP. For t h e  p u r p o s e s  o f  

spawrting t h e  ~ l m b e r  o f  a d u l t s  s u r v i v i n g  on l 8  May was 20 i n  t h e  ELP 

and 8 i n  t h e  WI,P. Scconcl g e n e r a t i o n  f i s h  a b o u t  4 i n c h  l o n g  were  

d c t c c t c d  i n  t h e  WI,P oil 9 J u l y .  

I p i  slr c l t b i ~ t  11s wc1rc2 rc~corclccl U I ~ C  i 1 ( l i l t  P 0 1  I ) ; I ~ v c ~ s ~  on 5 Novc~rnhc~r. 

1 1 1  L 1 1 ( 1  WI,I', 2 0  0 1  l 11r. nclult 1 is11 a~ l t l  I  J s econd  gel lcLrat  ioil l is11 

d i e d .  I n  t h e  EL,P 12  a d u l t s  and b secood  g e n e r a t i o n  f i s h  d i e d .  

When t h e  f i s h  were  l i a r v e s t e d  wet  w e i g h t s  were  r e c o r d e d .  The WLP 

con ta inc>d  Oh.',O 111s and t i le  EI.1) had o n l y  48.65 l b s .  Many more 

s econd  g c r ~ e r a  t i o n  f i s h  were  obs t%rved  i n  WI,P; however, a c t u a l  popct- 

l a t i o n  s t r u c t u r e s  and s i z e  d i s t r i b u t i o n s  of t h e  f i s h  i n  b o t h  ponds 

w i l l  bc cxarnincd i n  1971.  Also ,  s tomach c o n t e n t s  w i l l  be a n a l y z e d  

t o  d e t e r m i n e  t h t  p r edominan t  food u t i l i z e d  by t h e  f i s h  i n  e a c h  pond. 

The f i s h  p r o d u c t i o n  o f  WI,P co r r e spo r ld s  t o  a  r a t e  o f  a b o u t  4000 l b s  

p e r  a c r e .  T h i s  i s  a  h i g h  p r o d u c t i o n ,  c o n s i d e r i n g  t h a t  i t  t o o k  

p l a c e  i n  5 months and t h a t  i t  s t a r t e d  from spawns r a t h e r  t h a n  

from s t o c k i n g  w i t h  young f i s h .  

The d i f f e r e n c e s  i n  f i s h  wet  w e i g h t  between t h e  ELP and WLP c a n  

not lw c .xpla incd  l)y thr. ilumbcr ol s u r v i v i n g  a d u l t s ,  s i n c c  t h e  ET,1' 
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had thc g r c a t e s t  number of  s u r v i v i n g  a d u l t  f i s h .  P o s s i b l y  many o f  

the  smal l  second g e n e r a t i o n  f i s h  were c a r r i e d  th rough  t h e  over f low 

p i p e  Crom t h e  E1,P i n t o  t h e  WLP d u r i n g  f i l l - u p  p e r i o d s .  

Other  B i o l o g i c a l  O b s c r v a t i o ~ t s .  Sr\vc.rel o t h e r  micro- and macro- 

animal  forms were d e t e c t e d .  The p ro tozoans  i n c l u d e d  s e v e r a l  

s p e c i e s  o f  Amoeboid forms, Hel iozoans  and Protomonads. The p re -  

domi.nant a r t h r o p o d s  were c r u s t a c e a n s  w i t h  t h e  s o l e  predominant 

zooplar~lc tcr  b e i n g  Cyclops v e r n a l i s .  I t s  d e n s i t y  was v e r y  g r e a t  i n  

ELP. 'rhe i n s e c t s  inc luded  bottoril fauna p r i m a r i l y  Chironomid l a r v a e ,  
2 2 

The p o p u l a t i o n  d e n s i t y  was 578 mg/m (dry wgt)  and 1459 mg/m (dry  

wgt)  i n  t h e  WLP and ELP, r e s p e c t i v e l y .  Besides  b e n t h i c  Chironomid 

l a r v a e ,  t h e r e  a r e  two predominant f r e e  swimming i n s e c t  s p e c i e s :  

Notonecta (water  boa tmarl) and I lydrophi lus  ( b e e t l e )  . Other i n s e c t  

l a r v a e  t hat  a r c  probably  prtlsellt  i nc lude d r a g o n f l y  and may f l y  

l  a r v a l  forms.  No t ioc tu rna l  o b s e r v a t i o n s  o f  i n s e c t  a c t i v i t y  were 

made. 
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V . LAI-IOXWTORY LNFLLTKATLON STUDLES 

S ~ u d i e s  were con t inued  t o  de te rmine  t h e  s o i l  c l o g g i n g  e f f e c t  

t l l a t  occurs  d u r i n g  i n f i l t r a t i o n  of sewage e f f l u e n t  c o n t a i n i n g  

suspended s o l i d s .  

S o i l  col i~nms 61 cm long  and LO cm i n  d iamete r  were f i l l e d  

w i  t l l  50 cin o f  s o i  l . 'L'wo t l if  ferc.nL s o i l  til;~tc>rin 1s were  used ,  n 

sandy loam and n c o a r s e  s a n d .  Sewage e f f l u e n t  of d i f f e r e n t  

suspended-so l ids  c o n c e n t r a t i o n s  was a p p l i e d  t o  t h e  columns. Low 

suspended-so l ids  c o n c e n t r a t i o n s  were  o b t a i n e d  by f i l t e r i n g  t h e  

e f f l u e n t  through a  mixed-wed i a  f i l t e r .  'She columns were  covered 

t o  p r e v e n t  a l g a l  growth.  Suspended-sol ids  c o n c e n t r a t i o n s  were 

measured by f i l t e r i n g  t h e  w a t e r  through 1 y f i b e r g 1 . a ~ ~  f i l t e r  

p a p e r .  D i f f e r e n t  h y d r a u l i c  g r a d i e n t s  were  main ta ined  i n  t h e  c o l -  

umns by c o n t r o l l i n g  t h e  h e i g h t  of the  t a i l  w a t e r  l e v e l .  Tcns iomete r s  

were  i n s t a l l e d  a t  1, 4 ,  1 0 ,  and 30 cm from t h e  s o i l  s u r f a c e .  

Tab le  15  shows t h e  d i f f e r e n t  g r a d i e n t s ,  suspended-so l ids  

c o n c e n t r a t  i o n s ,  and days of i n u n d a t i o n  f o r  t h e  two s o i l s  used.  The 

coluinns were  i n u n d a t e d  u n t i l  a  c logged s u r f a c e  l a y e r  had developed,  

a s  i n d i c a t e d  by h i g h  h y d r a u l i c  impedance i n  t h e  f i r s t  c e n t i m e t e r  of  

s o i l .  'The relation between tlie impedance of t h e  c logged or "sea l  u d "  

Inyor itnd i l i cb  tot : i l --sol  i t l s  Ioi t t l  i:, :illown i n  P'iy,ure 19 fo r  t . 1 1 ~  sandy 

loam.  Iiacl~ p o i n t  r cp resc ln t s  an average  o f  t h e  6 columns. At u n i t  

g r a d i e n t  t h e  impedance i n c r e a s e s  r a p i d l y  w i t h  t o t a l - s o l i d s  l o a d  f o r  

a l l  t h r e e  suspended-so l ids  c o n c e n t r a t i o n s .  The columns w i t h  t i le  

lowt.st suspcntlctl-so Li tls r o n c t m t r n t  ions ( 1 . 8  mg/ 1 i t e r )  had I c s s  t o t a  1 

load f o r  an e q u a l  impedance change than  t h e  h i g h e r  concent  r a t i o n s  . 
T h i s  may be  t h e  r e s u l t  of a d d i t i o n a l  c l o g g i n g  due t o  b a c t e r i a l  

growth d u r i n g  t h e  long  inunda t ion  p e r i o d .  

A t u t a l - s o l i d s  l o a d  between 10 and 16 mg/cm2 was r e q u i r e d  t o  

form a  c logged l a y e r  w i t h  t h e  impedance of 1 ,000 m i n u t e s .  When 

u s i n g  f i l t e r e d  w a t e r  (1 .8  m g l l i t e r  suspended-so l ids  c o n c e n t r a t i o n ) ,  

i n f i l t r a t i o n  of 56 mete r s  of  w a t e r  was r e q u t r e d  t o  r e a c h  t h i s  
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i ~ i l i w d ; ~ k c ~ .  'l 'l~c t.o lunlns rclcc*ivi 116 t h c  11i gli suspeilcied-sol id:, 

concent r a t i o n  ( LO8 nq:/l i t e r )  r e c e i v e d  only  1 . 4  m of w a t e r .  Ik~rnov- 

in$: the  susper~clecl so l i c l s  front tlic c f f l u e n t ,  t h e n ,  i n c r e a s e s  tlic 

i n f i  1 t r a  t iorl  r a t e  and perlr~i  ts longer  l n u n d a t  i o n  p c r i o d s  . 
Clogging o c c u r r e d  a t  a  s lower  r a t e  w i t h  a  g r a d i e n t  o f  0 . 2  

( F i g u r e  1 9 ) .  The i n i t i a l  i n f i l t r a t i o n  r a t e  a t  u n i t  g r a d i e n t  was 

from 0.045 t o  0 .06  cmlmin a s  compared t o  0.009 cm/min a t  0 . 2  

g r a d i e n t .  Tile l l igher  g r a d i e n t  r e s u l t s  i n  h i g h e r  i n i t i a l  i n f  i i t r l l -  

t i o n  r a t e  and,  because  of t h e  g r e a t e r  seepage  f o r c e ,  i n  a  more 

compact s e a l .  Titus, f o r  t h e  same t o t a l - s o l i d s  load a p p l i e d ,  t h e  

i I I I I ) ~ ~ ~ I N ~ ( ~  0 1  t I)(,  so:^ I i s  i r , r t 9 : ~ l  csr o r  llw : ; y s l  PIII w i 111 t l ~ e  1 1  i b ; l i  Iiv<lr,li~- 

1 i c .  j:r,~d ienL L I I ' I I I  w i L I I  tlic low g i -a t l i c~ i l .  

When t h e  g r a d i e n t  was f i r s t  h e l d  a t  0 . 2  and then  i n c r e a s e d  

t o  1  arid wa te r  f r e e  from suspended s o l l d s  was added t o  t h e  column, 

tile impcdancc of t h e  s e a l  d i d  no t  change.  T h i s  i n d i c a t e d  t h a t  o11ce 

Lilc s c n l  is lornled, incrc?ns.ing tile f ~ r a d j e n t  w i l l  no t  compress,  a l ~ d  

llcncc i n c r e a s e  the  impedance o f ,  t h c  c logged l a y e r .  

'I'lle irilpcdance v e r s u s  t o t a l - s o l i d s  l o a d  f o r  tile c o a r s e  sand i s  

shown i n  F igure  20. 1:acll p o i n t  r e p r e s e n t s  a n  average  of t h r e e  

columns. The impedance i n c r e a s e s  r a p i d l y  w i t h  l o a d  f o r  t h e  g r a d i e n t s  

of 0 . 6  and l.. These curves  a r e  ve ry  s i m i l a r  t o  t h e  c u r v e  f o r  u n i t  

g r a d i e n t  i n  t h e  loamy sand.  The h i g h  i n f i l t r a t i o n  r a t e ,  even a t  tile 

0 .6  g r a d i e n t ,  r e s u l t s  i n  t h e  suspended s o l i d s  b e i n g  f o r c e d  i n t o  t h e  

s u r f a c e  p o r e s  of t h e  s o i l .  R e s u l t s  at: lower g r a d i e n t s  a r e  incomple te  

a t  t h i s  time f o r  t h e  c o a r s e  s a n d ,  

C; logging occirrrccl nlos L l y  ; t L  t l ~ e  s u r f a c e ,  h u t  t l l c r t  appeal-s 1 0  

be a slow long-term c l o g g i n g  w i t 1 1  dep th  i n  t h e  loamy sand s o i l .  

'i'llis is  shown i n  F i g u r e  21 where h y d r a d i c  c o n d u c t i v i t y  (k) f o r  

4- t o  LO-cm and 10- t o  30-cnl i n t e r v a l s  i s  p l o t t e d  w i t l t  t ime.  'rllc, 

i n j  L i t 1 1  I\ V ~ . L U L ' S  WCL-c1 obt ;linecl w i  t11 t a p  water. Af tc,r 1-1/2 yc>ars 

o f  i n  tcrmi t t e n t  inundaLion t h e  h y d r a u l i c  c o n d u c t i v i t y  was reduced 
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by 60;:. The cnuso  of tile reduction may a t  l e a s t  p a r t l y  be due 

t o  b a c t l e r i a l  growth w i t h i n  tlle column. 

Tile r e s u l t s  s o  f a r  i n d i c a t e  t h a t ,  when u s i n g  f i l t e r e d  w a t e r ,  

a I ~ i g l l e r  i n f  i l t r n t i o n  r a t e  w i l l  b e  ma in ta ined  f o r  n l o n g e r  p e r i o d  

o f  t ime than wlien u s i n g  u n f i l t e r e d  w a t e r .  A t  a  g iven  gradient, titr 

t o t a l - s o l i d s  l o a d  r e q u i r e d  For c l o g g i n g  is about  t h e  same rcgard-  

l e s s  of t h e  suspended-so l ids  c o n c e n t r a t i o n  of t h e  w a t e r .  ~ i l e  c f  f cc t 

of  f i l t e r i n g ,  t h e n ,  i n c r e a s e s  a s  t h e  suspended-so l ids  c o n c e n t r a t i o r ~  

i n c r e a s e s .  Clogging o c c u r s  a t  a  s lower  r a t e  when t h e  i n i t i a l  

i n f  i l t r a t i o u  r a t e  was d e c r e a s e d  s u f f i c i e n t l y  by imposing a lower 

):raclieikt on tllc s o i l .  Most c r f  tllc c logg ing  o c c u r s  a t  tlrc~ soi l  

surl ac.c1. Ilowc~vc~r, , I  :s Low lo~~):--tc,rtii rc1rluc.t i 011 i 11 I~y t l r ;~u l  ic  c oi lc l t rc .  - 

t i v i t y  o c c u r r e d  t t~ roug l lou t  t h e  s o i l  p r o f i l e  d u r i n g  1-1/2 y c a r s  of 

i n t e r m i t  t e n t  i n u n d a t i o n .  
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V 1. SUMMARY AND CONCLUS I O N S  

111 1970 t h e  F lush ing  Meadows P r o j e c t  was o p c r a t e d  t o  o b t a i n  

nlaximum long- te rm i n f i l t r a t i o n  r a t e s  f o r  t h e  secondary sewage 

eSS1ucnt i n  t h e  r e c h a r g e  b a s i n s .  Inunda t ion  p e r i o d s  were 2 - 3 

wc~c~lts, n l ti.r~i:it c%cl w i  t-11 d ry  - u p  ~ ) c r i o c l s  of about  2 wec~lcs i I \  the  suntmrBt- 

; r ~ l t l  3 wc 'c -kh  i 1 1  1110 w i  I I L ( > I - .  'rhc' w;itcbr (1i~pt 1 )  ill t It(. b a s . i ~ ~ s  W , I S  l ~ c s l c i  

a t  13 i l \ches arid new v e g e t a t i o i i  d i d  not  t lcvelop.  The accuruu 1,i te r i  

i n r i l t r a t i o n  f o r  a l l  s i x  I m i i n s  averaged 400 f t  Tor the  y e a r .  Thv 

i n [  i 1 t r a t  i o ~ j  r c l a t i v e  t o  the‘ o r i g i n a l  i n f i l t r a t i o n  c a p a r i  t y  0 1  t h e  

Ims ins  was Ilij:I~(>st i 1 1  t 111% bas i  11s w i  tll b:I-ilSh s t i11)bl i~  c)t- s t r a w  1 c . i  I 

f r t m  ~ 1 1 ~  1969 sclason. Nclxt came t h e  b a s i n s  wit11 r i c e  s t r a w  01- 

s t u b l \ l c  l e f t  [rom 1960. The gravel-covCrecl  b a s i n  had the  iowcst 

r c f a t i v c  i l l f i l t r a t i o n  r a t e .  

The measured accumulated i n f i l t r a t i o n  of  400 f t  i n  1970 was 

very c l o s e  t o  t h e  t h e o r e t i c a l  maximum c a l c u l a t e d  from the  i n f i l -  

t r a t i o n  behav io r  d u r i n g  i i w n d a t i o n  and d ry -up .  The i n f i l t r a t i o n  

r a t e  dec reased  a lmost  l i n e a r l y  w i t h  t ime t o  some r e s i d u a l  v a l u e .  

The i n r i  1 t r a t i o n  recovery  d u r i n g  dry-up was S-shaped w i t h  l i t t l e  

o r  no rc.c*ovcry clurj n g  t hc f i rs  t 5 clays o f  dry  -up ancl lnos t o i t h e  

rclc.ovcsry ( ; i k  i 11); 1 ) l  ;A(:<, I ) ( - l  W C ~ C . I I  1  h r l  5 t h  ; t i l t l  l Z t l r  d;ty ;I l t ( < I -  dry-u1). 

11s iiig t.l~t>scs r c ~ l a t  i o n s h i p s ,  t  Iic iliundatiorr s c h c d u l c  y  i clcl i rig 

maximum long- term i n f i l t r a  Lion was e v a l u a t e d .  Th i s  schedu le  would 

r e q u i r e  inur ldat ion p e r i o d s  of  2 t o  3 weeks a l t e r n a t e d  w i t h  d ry -up  

pcr io t is  of about  12 days i n  t l ~ c  summer and 20 days i n  t h e  w i n t c r .  

'The cf fc'ct of s u s p e l ~ i e r l  s o l i d s  c o n t e ~ l t  i n  the  ef l lueli t  011 

i n 1  i l t r a t  ion r a t e  anu h y d r a u l i c  impedance of t h e  surfacc* -1njrc.1- was 

s t u d i e d  in  t h e  Laboratory u s i n g  s o i l  colunlns. V a r i a b l e s  incltidecl 

s o i  L t y p e ,  h y d r a u l i c  g r a d i e n t ,  and suspended s o l i d s  c o n t e n t .  For 

an i n i t i a l  h y d r a u l i c  g r a d i e n t  of one i n  t h e  column, t h e  impedance 

o f  t h e  s u r f a c e  l a y e r  f o r  a g iven  t o t a l  s o l i d s  load was g r r a t c r  

i f  t he  suspPnded s o l i d s  concer i t r a t ion  was low than  when i t  was 

high.  For a n  i n i t i a l  h y d r a u l i c  g r a d i e n t  o f  0.2,  t h e  impedance 
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oi ~ h c .  s u r l a c p  l a y c r  was i r ~ i t i a l l y  h igher ,  but a t  tlie end 111ucl1 

lower tilan f o r  an i o i t j a l  g i -adic~nt  of 1, f o r  ttlc same t o t a l  

sol  i d s  load 011 t l ~ c ,  s o i  1 s u r  I a cv .  A I  1-cr about  1: y c a r s  i n t ~ r r n i  t  - 

t e ~ l t  i nuntla t i o n ,  the  h y d r a u l i c  conduct i v i  ty  o f  t h e  e n t i r e  soi  l  

ht%low the  cloggccl s u r f a c e  l a y e r  was rcducccl by about  60%. The 

s t u d i c s  i n d i c a  t c  L he importance  o f  keeping t h e  suspended s o l  i d s  

i n  the  e r f l u e n t  a s  low a s  p o s s i b l e .  I n f i l t r a t i o n  can then be 

maximized by u s i n g  high h y d r a u l i c  g r a d i e n t s  ( h i g h  w a t e r  d e p t h s ) ,  

At t h e  cnd of 1970, t h e  t o t a l  d e p t h  of  e f f l u e n t  t h a t  has movcd 

i l l t o  the  s o i l  s i n c e  t h e  beginning of  t h e  p r o j e c t  was 860 S t .  The 

response  of  t h e  w a t e r  t a b l e  t o  r echarge ,  e v a l u a t e d  each f a l l .  

i n d i c a t e d  t h a t  t h e  h y d r a u l i c  c o n d u c t i v i t y  o f  t h e  a q u i f e r  has e s s e a -  

t i a l l y  remained unchanged. The s t a t i c  ground-water t a b l e  was a t  

it tlclp~ll ol :tl>out 9 I t. below tllc l )o t ton~  of t h c l  h a s i n s ,  whic.l.r i x 

<~bocit  tile sanlc. a s  i l l  1960. 

The suspended s o l i d s  c o n t e n t  of t h e  secondary sewage e f l l u c n t ,  

which was the  i n f l u e n t  f o r  t h e  i n f i l t r a t i o n  b a s i n s ,  showed tlie 

u s u a l  annual pat-tcv11 w i t h  v a l u u s  of 0 - 5 m K / 1  tow L I I C I  pcriocl May - 

O c t o l x r ,  aiirl v: l l~lr>s of 20 - 50 mg/1 f o r  t h e  r e s t  of  t h e  y p a r .  

Comparing t h e  q u a l i t y  of t h e  srwage w a t e r  a f t e r  i t  has p e r c o l a t e d  

downward t o  t h e  ground w a t e r  and  moved an addit- i o n a l  d i s t a n c c  o f  

about  30 I t  below t h e  w a t e r  t a b l e  ( t o  t h e  w e l l  i n  t h e  c c n t e r  oS t h e  

p ro jec t - )  w i t h  t h a t  of the  secandary  e f f l u e n t ,  shows t h a t  the  1301) 

has been reduced from 15 t o  0.5 mg/3 and t h e  COD from 45 t o  17 rng/l. 

F e c a l  c o l i f o r m s  were reduced from a  median o f  200,000 per  I00 m l  t o  

a  median of 20 pe r  100 m l .  The c o l i f o r m  d e n s i t y  i n  t h e  renova ted  

wa tc r  u s u a l l y  i n c r e a s e d  a f  t e r  a  new i n u n d a t i o n  p e r i  od, whcn newly 

i n f i  1 t 1-attld w n t  ( , I -  I-c~acl~ccl r l~ tz  hot ttrm of  t h e  we1 l .  f h ~ r  i 11g ( I I - Y - L I ~ ) ,  

t h v  c,ol i l orm t l ~ ~ c ~ r t ~ n s r ~ s i  a~lcl t-caacl>r.tl va1uc.s c l o s e  t o  zest-o i 11 ;i l ew 

wt.cks. Lower f r c n  1 c o l i  f orm c o n c e ~ l t  r a  t i o n s  were observed i n tlli) 

renovated w a t e r  from w e l l s  90 f t  and 290 St away from t h e  bas i l l s  

(median t l t ~ n s i t i c s  of LO ;tnd 0 p r r  I00 m i ,  r c s p c c t i v e l y ) .  
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The r o t a l  n i t r o g e n  c o n t e n t  of t h e  secondary e f f l u e n t  was abou t  

25 mg/l ,  mos t l y  a s  ammonium. The a~nmonium-nitrogen cot lcentra  t i o n  

i n  t h e  renovated w a t e r  g r a d u a l l y  i n c r e a s e d  from 7 ppm i n  January  

t o  15 ppm i n  May and June ,  a f t e r  which i t  g r a d u a l l y  dec reased  t o  

7 ppm i n  Octohcr ant1 November. In  t h e  middle  of Dccembcr, i t  

bt*g;rn t o i r i c rc~as t~  ngai.11. T'll i s Itcbll;~vi o r  ('a11 p ~ r h n p s  1 x 3  c3xp l i t j  nccl 

by i ~ i c r e a s ( ~ d  b a ~ t ~ ~ i a l  a c t i v i t y  i ri 1 he surrtmcr arid I d l  whcri tcmpcra- 

t u r c s  a r e  h igher ,  and a  d e c r e a s e  i n  t h e  a c t i v i t y  and decay of  

o r g a n i c  m a t t e r  w i t h  mobi l i za t io r i  of ammonium s t a r t i n g  i n  t h e  w i n t e r  

when Len11)ct-nturc~s i ii L IIC' s o i l  a r c  lowclr . The i1i Lrnto-iiitro}:cil 

c o i l c c ~ i t r n l  i o ~ i  ol  t lic rc'l~ovntccl wa te r  showed L he usua l  be1i;rvior 

when long irluridaCion p e r i o d s  a r e  he ld ,  i. e  ., NO, - N  c o n c e n t r a t i o n s  
3 

of about 0.1 mg/l w i t h  peaks of 30 mg/l o r  more o c c u r r i n g  f o r  a  

few days (about 1 wcek) a f t e r  t h e  s t a r t  of a  new i n u n d a t i o n  p e r i o d .  

Thcsc peaks a r e  caused by t h e  a r r i v a l  o f  n i t r i f i e d  e l f l u e n t  he ld  

a s  capi  l l a r y  w a t e r  d u r i n g  t h e  preceding dry-up p e r i o d .  Ni t rogen 

removals a f t e r  t h e  passage of  t h e  n i t r a t e  peak ranged from 25% t o  

752, depending on t h e  anunonium l e v e l  i n  t h e  renova ted  w a t e r .  

The K j e l d a l ~ l  n i t r o g e n  c o n t e n t  o f  t h e  loamy sand i11 t h e  i n f i l -  

t i - n t i o ~ ~  I>a:iil~s, wl1icI1 lorms n 1;tyc.r- of about 3 f t  th ic l t ,  was about 

0 .  I ~n}; I i i j : l 1 ( 1 1  [ ) ( , I  ~:r:inr c) I (Iry so  i I I I I : I I I  I h t  o  I I I 1 i 8  I oa~ny s a ~ r d  

o u t s  itlc L lie 1)asi 11s t  Itat llaci riever bccri I looded w i t  11 sewage c I k l u e ~ ~ t  . 
This  was about  the  same a s  obse rved  i n  1969, and i t  can only  

accourlt: f o r  a  smal l F r a c t i o ~ l  of t l r t l  rii t r o g e n  removctl from tlhe 

:~c~wnj:c> w : ~  t ( * r  ; I S  i (. I)asstls t  lircw}:li I lw s o i  1 . S i rice r r  i tro)l;c111 s t  o rngc  

i n  t h c  g r a v e l ,  botl ldcr,  and coarse - sand  m a t e r i a l s  u n d e r l y i n g  tlie 

Loamy-sand l a y e r  i s  u n l i k e l y ,  t h e  main mechanism f o r  the  n i t r o g e n  

removal must have beon d e n i t r i f i  c a t i o n .  

Phosphate-phosphorus i n  t h e  w a t e r  was reduced from abou t  11 ppin 

i n  t h e  e f f l u e n t  t o  7 ppm i n  t h e  renova ted  w a t e r  a f t e r  about  4 0  f t  

of  movement th rough  s o i l .  Th i s  c o n c e n t r a t i o n  was f u r t h e r  reduced 

t o  about  3 ppm a s  t h e  w a t e r  t r a v e l e d  t o  a  w e l l  90 E t  from t h e  

b a s i n s ,  and t o  0.05 ppm a s  i t  moved t o  a  w e l l  290 f t  lrom t h e  b a s i n s ,  
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~ l u o t - i d e s  were rcclucc.d from 4 .0 ppni t o  2.6 ppm f o r  tllca we I1 in 

L l ~ c >  c . c1111  c.1- 0 1  1111, I)ro jtacL nird t o  1 .9 1)pm f o r  ttlc wc I 1  00  f t  m : ~ y  

I I I r  I ; I s  i I .  1301 0 1 1  c o i i c c b ~ ~ t  r;il i o ~ l s  wQrcx about 0.  7 pp111 

i n  t he  P I  1 l u e n t  aiid s i n c e  1 he ~ o i  l Lacks i r o n  and aluminum o x i d c s  

whi ch would remove boron, t h e  B-concentra t i o n  i n  t h e  renova ted  

w a t e r  i s  a l s o  atwi~L 0 .7  ppm. S a l t s  inc reasedf rom about  1000 pprn 

i n  t h e  ~ f i l u e ~ i t  t o  1020 pprn i n  t h e  renovated w a t e r  due t o  evapora -  

t i o n  from t h e  b a s i n s ,  and t h e  pH changed From 7.4 t o  7.0 due t o  

b a c t e r i a l  a c t i v i t y  and CO p r o d u c t i o n  i n  t h e  s o i l .  
2 

Metals  above l i m i t s  of  d e t e c t i o n  i n c l u d e  copper ,  which was 

reduced from 0.096 ppm i n  t h e  e f f l u e n t  t o  0.016 ppm i n  t h e  renova ted  

wa te r  Crom t h e  w e l l  i n  I he c e n t e r  01 t h e  p r o j e c t ;  11icke1,  whicli was 

I t ~ t l l l c . c ~ t l  1 ro~n  0. Oti3 1 o 0. 0 I pprn; ;., i ric , w l i  i cli was r r ~ t l u c c ~ t l  Iroro 

0.075 t o  0.018 ppm; nlld iro11, which was rcducc~d from 0.013 t o  

' 0.01 ppm. 

Seepage i n  r e l a t  iorr t o  t i m e  was s t u d i e d  f o r  two ul,l ined Itoncis, 

O I I C  kc'pt 1\11 1 w i t  11 socoi~t lary  scwagc e l  l i u e ~ i t ,  ilte o t l icr  w i  t l ~  

r ec la imed  sewagc w a t e r  pumped from 10  t o  30 f t  dep th .  The poiids 

were about 5 f t  deep.  I n i t i a l l y ,  t h e  seepage (expressed  a s  r a t e  

of f a l l  of t h e  w a t e r  s u r f a c e )  was more than 5 f t l d a y ,  Imt a f t e r  

a Few months reached a  " r e s i d u a l "  v a l u e  of  about  0.5 f t / d a y  For 

bo th  ponds. Th i s  i s  low f o r  r e n o v a t i n g  secondary e f f l u e n t  by 

ground-water r e c h a r g e ,  bu t  h igh  f o r  r e c r e a t i o n a l  l a k e s  f i l l e d  w i t h  

rec la imed sewage w a t e r .  A p p l i c a t i o n  of  a  pond s e a l e r  t o  t h e  pond 

r c c e i v i ~ i g  r e n o v a t r d  sewage w a t e r  reduced t h e  seepage by about  7!5';/,, 

t o  n v a l u c  of  about 0 . 1  f t / d a y .  

'rlw b ~ l ~ a v i o i -  o f  t he  renova ted  sewage w a t e r ,  pumped Srorr~ 10-30 

I t  cic'ptli fro111 :I wclll 5 0  I t  fronl the  ~ ~ c < i r e s t  rec1ia1-ge b a s i n ,  was 

s t u d i e d  i n  two ponds, 30 x 4 0  x 5 f t  i n  s i z e  and l i n e d  w i t h  an 

a s p h a l t -  f i b e r g l a s s  l i n i n g  m a t e r i a l .  The ponds were f i l l e d  i n  March 

1970. N and P l c v e l s  dropped t o  low v a l u e s  because  o r  t h e  d e v e l -  

opnie~it of t h e  biomass.  Consumption of  C02 by a l g a e  r e s u l t e d  irl 

a  pH-increase  t o  about: 9. Depth o f  v i s i b i l i t y  i n  t h e  ponds a s  
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determined w i t h  a Sccch i  d i s k  was u s u a l l y  i n  t h e  20 - 40 cm r a n g e ,  

On s e v e r a l  o c c a s i o n s ,  a l g a e  d ie -backs  occur red  and Secch i  d i s k  

readings of 100-160 ciii wcrcl o b t a i n e d .  Following such  c l e a r i n g -  

u p  pe r iods ,  t h c  a l g a e  recovered  r a p i d l y .  Gross primary p r o d u c t i v i t y  

o f  the  pond w a t e r  was a s  h igh  as 4.72 mg 0 / l / h r .  F ive  known genera  2 
of g r e e n  a l g a e  were p r e s e n t  w i t h  Chlorogonium predominant and 

Ankistrodesma common. Adul t  T i l a p i a  f i s h  were  i n t r o d u c e d  i n  May 

i n  each  pond a s  brood s t o c k .  Spawning took p lace ,  and i n  November, 

t h e  f i s h  were h a r v e s t e d ,  The average  p r o d u c t i o n  o f  f i s h  For t h e  

two pc'rlds was about 3000 Ihs/i?crc of  s u r f a c e  a r e a .  The s t u d i e s  

i n d i c a ~ c  t h a t  t l w  rec la imed  w a t e r  i s  s u i t a b l e  f o r  r e c r e a t i o n a l  

l a k e s .  The w a t e r  w i l l  s u p p o r t  a l g a e  growth and w i l l  have a  h igh  

p r o d u c t i v i t y ,  bu t  f i s h - k i l l i n g  oxygen d e p l e t i o n s  d i d  n o t  occur  and 

t h e  wa te r  was a e s t h e t i c a l l y  a c c e p t a b l e .  

PEIISONNE1,: Hcrmai~ Bouwcr ( S e c t i o n s  I, 11, 1x1,  and VI) ,  

R .  G .  G i l b e r t  ( S e c t i o n  IV), R .  C .  Rice  ( S e c t i o n  V), 

E .  D .  Escarcega,  J. C .  Lance, and F. D. Whis le r .  

CURRENT TERMINATION DATE: 1972. 
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Table 1. Calculation of relative index of infiltration for 1970. 

Infiltration rate Accumulated 
Sept 1967 Infiltration 197s 

Basin ft /day ft /yr 

Infiltration 1970 
Infiltration 1967 

Index of infiltratiz~ 
for 1970 
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Date - 
2 9  J a n  

2 5  Feb 

2 6  Mar 

2 2  Apr 

2 1  May 

1 7  J u n c  

2 2  J u l y  

7 k) Ant; 

7 oct 

29 Oct 

2  T)c.c 

31 Doc 

wcw - 
15 

12  

14 

6 

18 

1 0  

6 

9 

14 

18 

1.4 

1 0  
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29 Jan 

25 Feh 

26 Mar 

2 2  Apr 

2 1  May 

1 7 J t ~ n c  

22 J u l y  

26 Aug 

7 O c t  

,"f O( t 

2 I)cc 

31 13cc 
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Table  h .  Xmonium-n i t ragen  c o n c e n t r a t i o ~ s  i n  mg/1 f o r  v a r i o u s  wells (1470).  

Date 7- - - 1 - 1-2 - 5-6 - 7 - a - L h - WCW - 
29 J a n  

25 Feb 

26 Mar 

2 2  Apr 

21 Xay 

17 June  

22 J u l y  

26 Aug 

7 Oct 

29  O c t  

2  Dec 

31 Dec 

11.9 

:,? - 
id. i 

m -. 
Y .  I 

3.5 
. -  - 
i i  .; 
9.3 

5.8 

8 . 3  
C < , .c' 

9 .i 

0 . 6  

10.0 

9 1 s t  Ave. 

0.1 

- 
0 . 3  

ii .A 

- 
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Table 4a. Kje lc la l i l  n i t r o g e n  c o r ~ c e n t r a t j . o n s  f o r  s o i l  o u t s i d e  and  

ins ide  recharge  b a s i n s  (iag N per  g r a n t  of d ry  s o i l ) .  

Outs ide  s o i l  
(NE c o r n e r )  
dep th ,  j nches 

Basin 4 

December 1969 January  197 1 

i1 
l o r  l i r s t  2 4  i n c l ~ r ~ s  orlly 
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Table  5. Phosphate-phosphorus c o n c e n t r a t i o n  i n  mg/l f o r  v a r i o u s  
wells (1970). 

29 J a n  

25 Feb 

26 Mar 

22 A p r i l  

21 May 

1 7 J u n e  

22 J u l y  

26 Aug 

7 o c t  

29 O c t  

2 Dec 

31 Dec 

WCW - 9 1 s t  Ave. 

0.0 

- 
0 .1  

0 .0  

- 
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Tabie 6 .  Flcoride c o n c e n t r a t i o n  i n  mg/1 f o r  e f f i u e n t  a:?b : c s l l s  (1970).  

Date - 
1- 2 Jan 
2- 9 J a n  
9-14 J a n  
2- 6 t-eb 
6-13 Feb 

13-16 Feb 
13-20 Mar 
20-23 Mar 
13-24 A p r i l  
24-27 A p r i i  
13-15 May 
15-22 May 
22-26 May 
6-12 June 

12-19 June  
25-26 Aug 
1- 4 Sep t  

22-25 Sep t  
25-30 Sep t  
1- 2 Oct 
2- 9 Oct 
3 -  6 Nov 
6-17 Nov 
2-11 Dec 

i l - 1 8  Dec 
15-22 Dec 
2A-29 Dec 
29-30 Dec 

AVG . 

E f f l .  

3.6 
4 .it 
4 . 2  
5 . 1  
5.6 
4.4 
4.5 
4 * 7 
5.2 
5 .4 
5.4 
4 .4  
4.2 
4 * 4  
4.5 
4 . 1  
3.7 
3.6 
3.0 
3.0 
3.2 
4 . 1  
3.6 
3.7 
3.8 
2.6 
2.3 
3.3 , 

A .  07 

Date - 
25 Fzb 

26 Mar 

1 7  June  

26 Aug 

29 Oct 

31 Dec 

AVG . 
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2 2  Apri l 0 . 7 4  0 . 7 9  0 . 7 6  - 0 .77  - - - 0 . 8 7  

1 7  J u n e  0 . 7 7  - 0 . 7 5  0.68 0 . 7 3  0 . 7 7  0.84 0 . 7 3  - 
26 ALIF; 0 . 7 5  0 .79  0 . 7 3  0.69 - - - 0 . 7 3  0.94 

) Y  Oct - - 7 0.7 ')  7 0 . 7 4  0.82 - - 
3 0  L k \ C  0 . 7 3  0 .  I l  - 0 0 0. I 0  - - o.o?, 
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~ a h l c  8. D i s s o l v e d  m e t a l  c o n c c ~ r l t u n t i o n s  (mg/ l )  i n  w a t e r  i i l t e r c d  
t h r o u g h  0 . 4 5 1 ~  aembranc .  Samples t a k e n  19  Feb rua ry  1970.  

% i  rlc 

(:ndmiunl 

Boron 

I r o n  

Mo 1 yhdc'nt~m 

Manganese 

c:o pp" 

S i  lvcr  

N i c k e l  

Lead 

Chromi urn 
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T a b l e  9 ,  T o t a l  s a l t  c o n c e ? t r z r i u n  i n  e f f l u e n t  and  i n  w a t e r  f r o m  w e l i s ,  x g i l  ( 1 9 7 0 ) .  

Date  

2- 5 J a n  

29  J a n  

4-  5 Feb 

25 Feb  

26 Mar 

21-22 A p r i l  

20-21  May 

w 1 6 - 1 7  J u n e  
I 
.P 
w 21-22 J u l y  

23-26 Aug 

2 8  S e p t  

6 -  7 O c t  

29 O c t  

2 Dec 

29-30  Dee 

ECW - 
8 9 6  

l o b 8  

1024  

lo88 

9 8 0  

1 1 2 0  

1024 

1126 

1024  

9 6 0  

1024  

r 6 0  

1024  

8 9 6  

9 6 0  

9 1 s  t Ave . 
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2 -  5 Jan 

79 Jan 

25 Feb 

26 Mar 

21-22 Apr 

20-21 May 

16-17 June 

21-22 July 

25-26 Aug 

38 Sept 

6 -  7 Oct 

29 Oct 

2 Dec 

29-30 Dec 
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Table 1.1. Analysis of Chemical Components of Renovated Sewage 
Water i n  t he  Fiberglass-Asphalt-Zined Ponds from March 
t o  November 1970. 

Ana ly t i ca l  Data - East  Pond 

Date 

26 Mar 
22 Apr 
11 May 
21 May 

1 Jun 
17 Jun 
8 J u l  

22 Jul. 
3 Aug 

17 Aug 
14 Sep 
28 Sep 

5 Oct 
26 Oct 
24 Nov 

Date 

26 Mar 
22 Apr 
11 May 
21 May 
1 Jun 

17 Jun 
8 J u l  

22 J u l  
3 Aug 

17 Aug 
14 S e p  
28 Sep 

5 Oct 
26 Oct: 
24 Nov 

N i t r a t e  
pptn-N 

8.7 
12.6 
9.0 

12.4 
4.6 
2.6 
0.3 
0.1 
0.1 
0.4 
0.2 
1.0 
0.8 
0.2 
0.1 

N i t r a t e  
ppm-N 

8.7 
9.4 
6.8 
4.2 
0.6 
0 .1  
0.1 
1.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 

Ammonium 
ppnl- N 

5 . 6 
4.3 
0.7 
0.5 
0.5 
0.6 
0.9 
2.0 
0.3 
1.1 
0.1 
0.5 
0.4 
0.6 
0.3 

Phosphorus 
ppm-P 

5.8 
4.3 
- 

1.3 

COD 

E 
13 
28 
4 8 
4 9 
6 2 
9 2 
73 
8 7 
3 7 
3 8 
3 0 
3 3 
35 
3 8 
3 2 

Ana ly t i ca l  Data - West Pond 

Ammonium 
ppm-N 

5.6 
2.3 
0.7 
0.0 
0.4 
0.5 
0.3 
1.1 
0.4 
0.4 
0.2 
0.3 
0.2 
0.6 
0.4 

Phasphorus 
ppm-P 

5.8 
2.0 

COD 

ppm 
13 
5 0 
68 
8 3 
87 
66 
95 
4 2 
6 9 
6 9 
6 6 
64 
68 
74 
7 0 

TDS 

E 
1024 
1030 
1024 
1037 
1043 
1210 
1152 
1408 
1088 
1024 
960 

1024 
1088 
1088 
1024 

TDS 

ppm 
1024 
l o l l  
1088 
1069 
1088 
128 0 
1280 
1216 
1280 - 

1222 
1216 
1280 
1344 
1408 
1280 
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6 May 

2 0  May 

3 June 

30 J u n e  

S J u l y  

>2 J u k y  

5 ALI f: 

1 2  Aug 

26 Aug 

0 S c 1' t 

30 Sept  

14 Oct 

2 8  Oct 

4 Nov 

EAST LINED POND 

Prcsumpt i ve  Fecal  
Col i form Col i  forni 

MPN/LOO ml 

WEST LINED POND 

Prestlnlpt i v e  Fc)cn I 
Co 1 i f  orm Coliforrn 

M P N / ~ O O  ml 

a - I n d i c a t e s  a l l  f e r m e n t a t i o n  t u b e s  were p o s i t i v e  f o r  d i l u t i o n  

used and proper  d i l u t i o n  was no t  ana lyzed .  
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A n a l y s i s  Eas t i nccl Pond Wcs t  I , i  n r d  Pond 

(; r o s s 1'1- i rna r y 
I I 

P r o d u c t i v i t y  4.72 mg O 2 / l / l r r  1.43 mi: 0 2 /  L/hr 

T r a c e  

Not r c l  

n 
I h t  a c o l  l ~ c t  b y  Miss J o y c v  I:c)slc>r. % o o L o # y  i)clpa-t 1r lc .1>1,  A r  i z o ~ r c ~  

S L n t t  U r l i v e r s i t y .  

b 
I - ' ho to syn thcs i s  r a t e  rninus r e s p i r a t i o n  r a t e .  
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Table  14. Q u a l i t a t i v e  C h a r a c t e r i z a t i o n  of  t h e  Alga l  Popu la t ion  i n  
Renovated Sewage Water of t h e  E a s t  Lined Pond. a 

Green Algae 

Ankis trodesmus 

Scenedesmus 

Eug Lcrioids 

Pcdias  trum 

Unknown 

Blue-Green Algae 

Name - Number of  S p e c i e s  

2 

Common 

Rare 

Itare 

Rare 

Rare 

Frequency 

Rare  

; I  
I k 1  L a  co  l 1 c~c tc~ t l  by Miss J o y  cc, 170s t c r ,  Zoology ilcpart-merit, 
Ar i zorla S t a t c  U n i v c r s i  t y .  
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I 1 ,  i l y c l r : ~ u l  i c  y,r:~d i c * t ~ (  , s u s p c n t l c c l - s o l  i d s  co t icc~l t ra t  ions 

and  l e n g t h  oF i n u n d n t i o ~ ~  p e r i o d  f o r  two s o i l s .  

L, oamy 1 

Sand 1 

0" 2 

C u a u s c  1 

Sand 0 , 6  

Annual Report of the U.S. Water Conservation Laboratory



D R A I N A G E  LINE 

C O N S T A N T  - H E  
S T R U C T U R E  

G R A V E L  D A  

. I  1 1 1  I I I 1 
0 100 200 300 fee t  B 0 7  

A 
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F i g u r e  4 .  I n f  i l  t r n t i o i l  r e c o v e r  tiurirr:,: d r y - u p .  
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F i g u r e  5 .  Schema t i c  i n i i l t r a ~ i o n - r i m  r e l a t i o n s h i p s .  

Annual Report of the U.S. Water Conservation Laboratory



F i g u r e  6 .  Long-term i n f i l t r a t i o n  r a t e  v e r s u s  Lei, ti! o i  iliui2da ti011 p e r i o d s .  
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- - - 
81. 60.0 

I I I I ; D A T I O N  PERIODS 
I I 
I I 
I I 

' I 
I t 

I 1  
I1 

W E L L  5 - 6  
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.---@--- - W E L L  I 

a-0-0 W E L L  7 

A---&--A W E L L  8 
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Fi i :u rc  1 2 .  S a l ~ s  and i i i  t r n t e s  i i ~  water  fror:: West C c i ~ t i ~ r  W ~ n l l .  Annual Report of the U.S. Water Conservation Laboratory
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F ~ g u r c  14. P i e z o m e t r i s  heads a t  2 ( ~ - i t  t i e p t h  t x f o r r . ,  d u r - i i q ,  a n d  a f t e r  i n u n d a t : ~  - p c r i o c i .  
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F i g u r e  15. Response of vzater lt.l.-ci i n  ECV t o  S r o u n d - r ; a t ~ ~ -  r e c h a r c v  
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L I N E D  PO 

L E R  APPLIED 
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J I I I I  I I I I I I I I I I I  I I I I I  i l l 1 1  1 1 1 1 1  1 1 1 1 1 1 1  

A Y  JUNE JULY AUG.  SEPT. OCT. NOV. DEC.  I 

i u 1 Sccch i  d i s k  mc.asurements f o r  e v a l u a t i o r l  of a l g a l  g rowth  a r ~ d  
clcrlsi t y  i i ~  poncls c o n t a i  n i q :  renovatccl  sccor jdary  seway;c 
c l  1 Lucrlt w a t e r .  

2-66  
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SUSPENDED SOLIDS 

m g /  l 

1.8 
- 

32 

108 
40 

TOTAL SOLIDS LOAD , rng / crn 

F i g u r c  19. l i y d r n u l i c  i m p e d a n c e  i n  r e l a t i o n  t o  t o t a l - s o l i d s  load 
f o r  l o a m y  s a n d .  

2 - 6 7 
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1000 

.r: roo 
E 
e. 

LLJ 
0 

el 
LLJ 

- 
0 - 
3 10 
a 
tx 
ci 
>- 
r 

I 

C 
COARSE SA 

F i g u r e  20.  H y d r a u l i c  i m p e d a n c e  i n  r e l a t i o n  t o  t o t a l - s o l i d s  
l o a d  f o r  c o a r s e  s a n d .  
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F i g u r e  21. Average h y d r a u l i c  c o n d u c t i v i t y  o f  s i x  columns a t  two d e p t h s  w i t h  t i m e .  
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TITLE : COLUPIN STUDIES OF THE CHEMICAL, PHY S ICL, AYD 

UIOLOGLCAL PROCESSES OF WASTEWATER RZ<NOVPdrlr)h 

BY PERCOLATION TlIROUGH THE SOIL. ' 

CRIS WORK UNIT : SWC-012-gG-1 CODE NO. : A r i z ,  --WCL 68- 3 

TNTRODUCTION : 

Experiments on t h e  r e n o v a t i o n  of secondary sewage c f t l u c r t e  

w i t h  t h e  s o i l  columns d e s c r i b e d  i n  t h e  1969 Annual Report  were 

con t inued  i n  1970. The r e s e a r c h  emphasis d u r i n g  1970 was on 

c h a r a c t e r i z i n g  t h e  oxygen u t i l i z a t i o n  by t h e  s o i l  columns anti 

de te rmin ing  t h e  mechanisms r e s p o n s i b l e  f o r  t h e  n i t r o g e n  l o s s  

observed i n  1969. 

l J A W  I .  CHEMICAL, AND BPOLOGICAL PROCESSES DURINC RENOVAX'LON 

I ' J ~ O C l ~ I ~ L J R l ~  : 

Secondary sewage e f f l u e n t  was passed through 8 po lyv iny l  

c h l o r i d e  columns packed w i t h  s o i l  from t h e  b a s i n s  a t  Flushing 

Meadows. The s o i l  columns were 250 cm i n  l e n g t h  and LO cm i n  

d i a m e t e r .  A c o n s t a n t  head of w a t e r  w a s  main ta ined  above t h e  

columns w i t h  a M a r i o t t e  s iphon .  The sewage w a t e r  and column 

e f f l u e n t  were ana lyzed  f o r  NO3, NH4, and COD. 

Oxygen movement i n t o  t h e  columns by mass f low w a s  ca lcu laLed  

by assuming t h a t  t h e  w a t e r  d r a i n e d  from t h e  s o i l  d u r i n g  t h e  d r y  

p e r i o d  was r e p l a c e d  by an e q u a l  volume of  a i r .  The movemenr of 

oxygen i n t o  t h e  columns by d i f f u s i o n  was measured by s t o p p i n g  

t h e  column d r a i n a g e  f o r  p e r i o d s  of 1 t o  3 hours ,  w h i l e  oxygen 

d e p l e t i o n  i n  a c l o s e d  a i r  s p a c e  above t h e  column was measuled 

by chromatographic  a n a l y s i s ,  The d i f f e r e n c e  between oxygen 

c o n t e n t s  of t h e  a i r  s p a c e  a t  t h e  beg inn ing  and end of t h e  

d i f f u s ~ o n  t ime i n d i c a t e d  t h e  amount of oxygen e n t e r i n g  t i l e .  

column by d i f f u s i o n .  The d i f f u s i o n  r a t e  could  be  calculates dnu 

p l o t t e d  v s .  l eng t l i  of  d r a i n a g e  p e r i o d ,  s o  t h a t  t h e  a r e a  u n d e r  

t h e  c u r v e  r e p r e s e n t e d  t h e  t o t a l  amount of oxygen e n t e r i n g  b y  

d i f f u s i o n  d u r i n g  t h e  d r a i n a g e  p e r i o d .  The oxygen contetlL of L i l i ~  
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s o i l  atmosphere a t  v a r i o u s  dep ths  i n  t h e  s o i l  columns wa.; 

determined by e x t r a c t i n g  samples from p o r t s  a l o n g  tile coiu~ni :  

f o r  analys is  w i t h  tlic gas  chromatograpti, Tlie p o r t s  were. 

c o n s t r u c t e d  by d r i l l i n g  h o l e s  through t h e  PVC p i p e ,  i n s e r t i n g :  

hypodermic n e e d l e s  through t h e  h o l e s  i n t o  t h e  s o i l ,  seaI.Lnb 

around t h e  n e e d l e s  w i t h  epoxy, and p l a c i n g  a  serum cap over 

t h e  hub of t h e  n e e d l e .  Samples of t h e  s o i l  atmosphere were a l v c l  

e x t r a c t e d  from t h e  p o r t s  d u r i n g  u n s a t u r a t e d  f.Low throug21 ihc .  

columns. O x i d a t i o n  r e d u c t i o n  e l e c t r o d e s  d e s c r i b e d  i n  Chc 1969 

Annual Report  were  a l s o  i n s e r t e d  a t  v a r i o u s  dep ths  i n  t h e s e  two  

s o i l  columns. 

The two columns w i t h  o x i d a t i o n  r e d u c t i o n  e l e c t r o d e s  and 

sampling p o r t s  were  o p e r a t e d  on v a r i o u s  f l o o d i n g  c y c l e s  i n  o r d e r  

t o  f u r t h e r  s t u d y  t h e  gas  p r o d u c t i o n  observed i n  1969 which was 

thought  t o  be due t o  d e n i t r i f i c a t i o n .  

Three  s o i l  columns which were con t inuous ly  f looded  i n  1969 

u n t i l  they ceascd  t o  remove n i t r o g e n  from sewage w a t e r  a t  a h o u i  

I20 days were maintainccl on an . i n t e r m i t t e n t  f Looding s c i ~ c d t ~ l c .  

f o r  1 2  c y c l e s  a £  ter a n  i n i t i a l  2-week dry p e r i o d  t o  s e e  i t  t h e i r  

a b i l i t y  t o  remove n i t r o g e n  could  b e  r e s t o r e d .  

Three  o t h e r  s o i l  columns were  f looded  con t inuous ly  f o r  165 

days t o  d e t e r m i n e  i f  n i t r o g e n  removed from t h e  w a t e r  was b e i n g  

s t o r e d  i n  t h e  s o i l .  The s o i l  was analyzed f o r  K j e l d a h l  n i  trogeil 

b e f o r e  and a f t e r  t h e  l o n g  f l o o d i n g  p e r i o d .  

AEter t h e  165-day f l o o d i n g  p e r i o d  t h e  columns were drl i inct i  t . t i-  

f o r  6 days and c u t  i n t o  1 0  e q u a l  s e c t i o n s  i n  o r d e r  t o  csLimnt.r 

t h e  r e s p i r a t i o n  rate a t  v a r i o u s  dep ths  by measur ing t h e  r a t e  of  

CO e v o l u t i o n .  I n  a p r e l i m i n a r y  s t u d y  a l t e r n a t e  s e c t i o n s  of  one 
2 

column were purged w i t h  n i t r o g e n  gas  and a i r  immediately aCt.rr 

d i v i s i o n ,  and 50 m l  of sewage w a t e r  w a s  added t o  eactt sce t i  o n ,  

The i n c r e a s e  i n  CO c o n t e n t  i n  a  c l o s e d  a i r  s p a c e  above ~ h t  2 
s o i l  was measured d a i l y  f o r  3 days by chromatographic aria 1 y:, 1 s  
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of samyLes wjtrhdrawn through a  septum. The o t h e r  two columns 

were d i v i d e d ,  and a l l  s e c t i o n s  of one column were purged w i t 1 1  

N2 t o  m a i n t a i n  a n a e r o b i c  c o n d i t i o n s  w h i l e  t h e  s e c t i o n s  of t h e  

o t h e r  column werc purgcd w it11 a i r  t o  rriaintni n  a e r o b i c  c o n d i t i o n s .  

No :;cawage wate r  w a s  added t o  t h e s e  s e c t i o n s ,  and the  CO evolution 
2 

from t h e s e  s e c t i o n s  was a g a i n  measured f o r  3 days .  A l l  of t h o  

g a s s a n t p l e s w e r e a l s o a n a l y z e d f o r N O a n d C t l  S o i l s a m p l e s  2 4  ' 
were taken a t  t he  s u r f a c e  and a t  25-cm i n t e r v a l s  a long  t h e  column 

f o r  p l a t e  c o u n t s  of s o i l  b a c t e r i a ,  f u n g i ,  and act inornycetes  

and w a t e r  c o n t e n t  d e t e r m i n a t i o n s .  

RESULTS AND DISCUSSION : 

Oxygen E n t r y .  The oxygen c o n t e n t  of t h e  s o i l  atmosphere 

s t e a d i l y  i n c r e a s e d  i n  t h e  zone above 140 cm, b u t  changed very 

l i t t L e  a t  lower d e p t h s  ( F i g u r e  1 ) .  Th i s  i n d i c a t e s  t h a t  t h e  s o i l  

remains a n  a n a e r o b i c  environment below 140 cm even a t  t h e  end of 

t h e  5-day d ry  p e r i o d .  The o x i d a t i o n  r e d u c t i o n  p o t e n t i a l s  conf i rm 

t h e s e  o b s e r v a t i o n s .  The e l e c t r o d e  a t  t h e  130-cm dep th  i n d i c a t e d  

reduced c o n d i t i o n s  f o r  about  3 days b e f o r e  changing,  and t h e  lower 

ca lcc~crodc~s i n t i  i c i ~ t ~ ~ d  reducct l  condi t.ions tllrctugl~out t l ~ c  dry p e r  iotl 

( F i g u r e  2 ) .  The Low oxygen env.ironrnent could  b c  lnainta ined below 

140 cm f o r  more t h a n  10 days and below 190 cni f o r  a t  l e a s t  2 l  

days (FLgure 3 ) .  These d a t a  i n d i c a t e  t h a t  a c o n s i d e r a b l e  p o r t i o n  

of t1,e s o i l  p r o f i l e  p rov ides  n s u i t a b l e  environment f o r  c i e n i t r i f i -  

c a t i o n  even  d u r i n g  t h e  dry  p a r t  o f  an i n t e n n i t t e n t  f l o o d i n g  schcdul t .  

The n i t r a t e s  formed i n  t h e  upper s e c t i o n  of t h e  s o i l  p r o f i l e  - then  

must p a s s  through a  zone which i s  f a v o r a b l e  f o r  d e n i t r i f i c a t i a n  

from t h e  s t a n d p o i n t  o f  t h e  a n a e r o b i c  requirement .  The f a c t  t h a t  

h igh n i t r a t e  c o n c e n t r a t i o n s  are found i n  t h e  w a t e r  c o l l e c t e d  from 

s o i l  columns immediately f o l l o w i n g  t h e  dry  p e r i o d  nius t b e  due t o  

t h e  l ack  o f  a s u f f i c i e n t  amount of carbon i n  t h e  a n a e r o b i c  zone 

t o  s u p p o r t  a h i g h  enough p o p u l a t i o n  of d e n i t r i f y i n g  b a c t e r i a  t o  

u t i l i z e  a l l  of  t h e  n i t r a t e  p a s s i n g  t h r o u g l ~  t h a t  zone.  I t  s e e n ~ s  
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, - i k e l y  t h a t  n i t r o g e n  removal by d e n i t r i f i c a t i o n  cou ld  be  i n c r e a s e d  

i f  t h e  supp ly  of carbon i n  t h e  a n a e r o b i c  zone could  b e  i n c r e a s e d .  

More work w i l l  b e  done on s u p p l y i n g  carbon t o  a n a e r o b i c  zones i n  

t h e  immediate f u t u r e ,  

The oxygen c o n c e n t r a t i o n s  a t  v a r i o u s  dep ths  d u r i n g  t h e  d r a i n a g e  

p e r i o d  were measured i n  a s o i l  column which was c l o s e d  a t  t h e  top 

e x c e p t  f o r  a  p i n h o l e  ( F i g u r e  4 ) .  Oxygen could  e n t e r  t h e  column 

by mass f low i n  response  t o  d r a i n a g e ,  b u t  n o t  by d i f f u s i o n .  A 

c o n s i d e r a b l e  amount of oxygen e n t e r e d  t h e  column, b u t  t h e  oxygen 

c o n c e n t r a t i o n s  were much lower t h a n  i n  t h e  open columns where b o t h  

mass flow and d i f f u s i o n  o c c u r r e d .  Th is  s u p p o r t s  t h e  c o n c l u s i o n  

from p r e v i o u s  d a t a  t h a t  b o t h  mass flow and d i f f u s i o n  a r e  impor tan t  

mechanisms of  oxygen e n t r y .  

Another column w a s  c l o s e d  a t  t h e  top  and a i r  w a s  pumped 

through t h e  open s p a c e  above t h e  s o i l  w i t h  a  s l i g h t  p o s i t i v e  

p r e s s u r e  e x e r t e d  on t h e  column. Ana lys i s  frorn samples a t  d i f fercr i t .  

dep ths  i n d i c a t e d  t h a t  oxygen c o n c e n t r a t i o n s  were  s t i l l  very  low 

below 180 cm ( F i g u r e  5 ) .  

The d i f f u s i o n  of oxygen i n t o  two s o i l  columns fo l lowing  a  

16-day f l o o d i n g  p e r i o d  w a s  measured f o r  comparison w i t h  o t h e r  d a t a  

fo l lowing  2-day f l o o d i n g  p e r i o d s .  

The d i f f u s i o n  o f  oxygen appeared t o  l e v e l  o f f  a t  abou t  8 mg/hr 

by t h e  f i f t h  day o f  t h e  d ry  p e r i o d  fo l lowing  a 16-day f l o o d i n g  

p e r i o d ,  as compared bo a  r a t e  of 4 mg/hr f o r  t h e  f i f t h  day f o l l o v -  

i n g  a  2-day f l o o d i n g  p e r i o d  ( F i g u r e  6 ) .  Th i s  a p p a r e n t  i n c r e a s e  i n  

oxygen d i f f u s i o n  may i n s t e a d  b e  due t o  a  d e c r e a s e  i n  t h e  p r o p o r t i o n  

of oxygen i n  t h e  a i r  above t h e  s o i l  caused by t h e  d i f f u s i o n  of 

n i t r o g e n  i n t o  t h i s  s p a c e  from t h e  s o i l .  The d a t a  c i t e d  e a r l i e r  

i n d i c a t e  t h a t  a l a r g e  s e c t i o n  of t h e  column remains a n a e r o b i c  

d u r i n g  t h e  dry  p e r i o d ,  p r o v i d i n g  a  s u i t a b l e  environment f o r  

n i t r o g e n  p r o d u c t i o n  by d e n l t r i l l c a t i o n .  
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R e s p i r a t i o n  of Column S e c t i o n s .  The i n c r e a s e  i n  CO con ten t  
2 

of che  a i r  s p a c e  above t h e  s e c t i o n s  o f  columns which had p rev ious ly  

been ELooded by 165 days d i d  n o t  v a r y  much w i t h  t h e  dep th  of t h e  

column (Tab les  1 and 2 ) .  T h i s  i s  i n  agreement w i t h  t h e  d a t a  from 

p l a t e  coun ts  o f  microorganisms which i n d i c a t e d  t h a t  t h e i r  numbers 

a l s o  d i d  n o t  change w i t h  tlle dep th  of t h e  eolumn (Table  3 ) .  'l'iicsc~ 

d a t a  i n d i c a t e  t h a t  t h e  coLumns were q u i t e  uniform. The s e c  L i o n s  

wh.ich were purged w i t h  n i t r o g e n  produced only  s l i g h t l y  less C 0 2  

than t h o s e  purged w i t h  a i r .  The d i f f e r e n c e  between t h e  a e r o b i c  

and a n a e r o b i c  s e c t i o n s  appeared t o  i n c r e a s e ,  however, w i t h  t ime,  

and t h i s  e f f e c t  was more marked i n  t h e  column s e c t i o n s  which were 

enr iched  w i t h  sewage w a t e r .  Th i s  i n d i c a t e d  t h a t  a number of days  

of d r a i n a g e  Ls n e c e s s a r y  f o r  s o i l s  t o  develop an a e r o b i c  popula- 

t i o n  w i t h  a r e s p i r a t i o n  r a t e  h i g h e r  t h a n  t h a t  observed f o r  

anaerob ic  s o i l s .  More work needs t o  b e  done i n  t h i s  a r e a  wi th  

was te  w a t e r  which h a s  a h i g h  o r g a n i c  m a t t e r  c o n t e n t .  

Tcaces o f  methane were  observed i n  a few a n a e r o b i c  columns 

while N O c o n c e n t r a t i o n s  rang ing  from a t r a c e  t o  about  l , S %  were  
2 

observed i n  s e v e r a l  s e c t i o n s ,  some of which were a e r o b i c  a s  w e l l  

a s  a n a e r o b i c .  Th i s  i n d i c a t e s  t h a t  d e n i t r i f i c a t i o n  was o c c u r r i n g  

i n  b o t h  a e r o b i c  and a n a e r o b i c  s e c t i o n s ,  and t h a t  d e n i t r i f i c a t i o n  

[nay occur  d u r i n g  t h e  d ry  p e r i o d s  between f l o o d s .  

COD Removal P r o c e s s e s .  The COD of water c o l l e c t e d  from - 
2 columns which had been f looded  w i t h  secondary sewage e f f l u e n t  

f o r  120 days averaged about 17 m g / l .  The COD of t h e  sewage 

waCer a p p l i e d  averaged abou t  50 mg/l .  The COD of t h e  w a t e r  from 

t h e  columns was about  t h e  same a t  t h e  end of t h e  l o n g  f l o o d i n g  

p e r i o d  a s  i t  was a t  t h e  beg inn ing  ( F i g u r e  7 ) .  I t  was a l s o  a b o u t  

the same as t h e  COD of w a t e r  c o l l e c t e d  when t h e  same two columns 

were f looded  f o r  s h o r t  f r e q u e n t  p e r i o d s ,  which i s  e s s e n t i a l l y  

a e r o b i c  t r e a t m e n t .  Th i s  t n d i c a t e d  t h a t  t h e  absence  of oxygen 

d i d  no t  a f f e c t  t h e  COD r e d u c t i o n  of t h e  sewage w a t e r  used i n  t h e s e  
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2j tudi .e~.  More work i s  needed t o  determine i f  oxygen is  s t i l l  

n o t  needed as t h e  COD of t h e  water a p p l i e d  is  i n c r e a s e d ,  and 

t h i s  w i l l  be  s t u d i e d  d u r i n g  t h e  nex t  y e a r .  

Ni t rogen  Removal. The s o i l  columns which were  con t inuous ly  

f looded  f o r  120 days  last  y e a r  r e l e a s e d  some of t h e  n i t r o g e n  

s t o r e d  d u r i n g  t h a t  p e r i o d  when they were  o p e r a t e d  on an  i n t e r r n i t t e n c  

ELooding schedu le .  The columns f l u c t u a t e d  between n e t  n i t r o g e n  

removal and n e t  n i t r o g e n  r e l e a s e  f o r  4  c y c l e s  b e f o r e  c o n s i s t e n t l y  

releasing n i t r o g e n  f o r  5 cycle..; (Table  4 ) .  The coLumn's a b i l  i t y  

t o  c o n s i s t e n t l y  remove l a r g e  q u a n t i t i e s  of n i t r o g e n  from sewage 

w a t e r  appeared t o  be r e s t o r e d ,  however, a E t e r  t h e  s o i l  s topped  

r e l e a s i n g  n i t r o g e n .  During t h e  las t  2 c y c l e s  t h e  columns removed 

60 and 43% of t h e  n i t r o g e n  from t h e  sewage w a t e r .  The amount of 

n i t r o g e n  removed d u r i n g  t h e s e  c y c l e s  shows t h a t  r e j u v e n a t i o n  o f  

t h e  n i t r o g e n  removal a b i l i t y  of t h e  columns is  more than  s imply 

tlre f r e e i n g  of s i tes f o r  more a d s o r p t i o n .  These d a t a  i n d i c a t e  

t h a t  t h e  a l t e r n a t e  f l o o d i n g  and d r y i n g  p e r i o d s  a r e  e s s e n t i a l  f o r  

Lhe development of t h e  p roper  environment and m i c r o b i a l  p o p u l a t i o n  

f o r  e x t e n s i v e  n i t r o g e n  removal by p r o c e s s e s  such as d e n i t r i f i c a -  

t i o n ,  

The columns r e l e a s e d  an average  n e t  t o t a l  of 1 ,080  mg of N .  

The average amount of n i t r o g e n  which had been removed front sewage 

w a t e r  by t h e  columns d u r i n g  t h e  long  f l o o d i n g  p e r i o d  was 2,380 rng. 

N l  t rogcn  could  have a l s o  been r e l e a s e d  from t h r  columns i n  rhc 

gaseous form. Gases were never  r e l e a s e d  i n  s u f f  i c i e n t  q u a n t i t y  

t o  b e  f o r c e d  oul: as bubbles  and c o l l e c t e d ,  b u t  some N could have 
2  

l e f t  t h e  columns i n  s o l u t i o n .  The sewage w a t e r  e n t e r i n g  t h e  

columns s h o u l d  b e  i n  e q u i l i b r i u m  w i t h  a i r  (79% N ) w i t h  r e s p e c t  
2 

t o  dissol.ved N I f  n i t r o g e n  gas  is produced i n s i d e  t h e  columns, 
2' 

t h e  w a t e r  would i n s t e a d  b e  i n  e q u i l i b r i u m  w i t h  100% N Samples 
2 ' 

of t h e  s o i l  a tmosphere  which were c o l l e c t e d  from s o i l  columns 

where u n s a t u r a t e d  f low o c c u r r e d  a s  a  r e s u l t  of s u r f a c e  cl-ogging 
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had a  n i t r o g e n  c o n t e n t  of "3.22 (Tab le  5) . Water in  e q u i l i b r i  urn 

w i t h  t!lis atmosphere,  r a t h e r  than a i r ,  could  d i s s o l v e  a n  a d d i t i o n a l  

2 mg of N p e r  l i t e r  oE w a t e r .  
2 

'I'hc a n a l y s i s  of s o i l  samples from columns wl~ ich  were floctdcd 

con t inuous ly  f o r  165 days t h i s  y e a r  showed no i n c r e a s e  i n  s o i l  

I<jeldahl-N (Tab le  6 ) .  The average  n e t  n i t r o g e n  removal from t h e s e  

columns, however, w a s  on ly  339 mg (Tab 1.e 7)  . This  amount of 

n i t r o g e n  could lmve been l o s t  a s  N Also,  some n i t r o g e n  could be 
2 ' 

s t o r e d  i n  t h e  columns, b u t  i f  evenly  d i s t r i b u t e d  i t  would be  

d i f f i c u l t  t o  d e t e c t  i n  t h e s e  q u a n t i t i e s .  The s o i l  used t o  pack 

t h e s e  columns w a s  t a k e n  from t h e  b a s i n s  at  F lush ing  Meadows where 

i t s  c a p a c i t y  f o r  f i x i n g  n i t r o g e n  had probably  been s a t u r a t e d .  

PART 11. PIIYSIChZ, PROCESS DURING RENOVATlON 

PROCEDURE : 

The same columns which were r e p o r t e d  on l a s t  y e a r  were  

main ta ined  and observed f o r  most of t h i s  y e a r .  S i n c e  las t  y e a r ' s  

r e p o r t  was based  upon on ly  2 o r  3 c y c l e s ,  s e v e r a l  1-, 2-, 3- ,  

and 4-week c y c l e s  of i n f i l t r a t i o n  of e f f l u e n t ,  p l u s  5-days d r a i n a g e ,  

were run through t h c  columns. Redox p o t e n t i a l .  and p r e s s u r e  head 

were observed i n  columns 7 and 8 d u r i n g  t h e s e  c y c l e s .  

RESULTS AND DISCUSSION: 

I n  g e n e r a l ,  t h i s  s t u d y  confirmed our  p r e v i o u s  o b s e r v a t i o n s .  

These o b s e r v a t i o n s  a r e :  

I. When d e n i t r i  f i c a t i o n  w i t h i n  t h e  column does o c c u r ,  t h e  

f l u x  of w a t e r  through t h e  column is slowed u n t i l  most of 

t h e  N gas  is  e x p e l l e d ;  then t h e  f l u x  r e t u r n s  t o  a  h i g h  
2 

r a t e  

2, The redox p o t e n t i a l  appears  t o  i n c r e a s e  i n  t h e  zone of 

d e n i t r i f i c a t i o n ,  and t h e n  d e c r e a s e  when t h e  gases  a r e  

e x p e l l e d .  

3. The p r e s s u r e  g r a d i e n t s  conf i rm t h e  p lugg ing  of t h e  pores  

w i t h i n  t h e  s o i l  column. 

Annual Report of the U.S. Water Conservation Laboratory



111 a d d i t i o n ,  i t  was observed t h i s  y e a r  t h a t  some g a s e s  could  b e  

e x p e l l e d  from t h e  column w i t h o u t  a n  a t t e n d e n t  i n c r e a s e  i n  f l u x ,  

e t c . ;  however, a f t e r  3 o r  4 days of  s low g a s  p r o d u c t i o n ,  t h e  

r a t e  of  f low d i d  i n c r e a s e .  

'The p ressure -head  p r o f i l e s  a l s o  show t h a t  much of  t h e  r e d u c t i o n  

i n  f l ow  r a t e  over  long  i n u ~ l d a t i o n  p e r i o d s  is due t o  s u r f a c e  c log-  

g ing  o r  p lugg ing .  

S W R Y  AND CONCLUSIONS : 

Eigh t  columns f i l l e d  w i t h  250 cm of s o i l  from t h e  F l u s h i n g  

Meadows r e c h a r g e  b a s i n s  were  a g a i n  i n t e r m i t t e n t l y  f l o o d e d  w i t h  

secondary sewage e f f l u e n t  d u r i n g  1970. 

Oxygen e n t r y  and u t i l i z a t i o n  were  s t u d i e d  i n  two columns 

equipped w i t h  g a s  sampl ing p o r t s  and o x i d a t i o n  r e d u c t i o n  e l e c t r o d e s .  

Three  columns which had p r e v i o u s l y  been f looded  c o r ~ t i n u o u s l y  f o r  

120 days were  p l a c e d  on a n  i n t e r m i t t e n t  f l o o d i n g  s c h e d u l e  t o  s e e  

i f  t h e i r  a b i l i t y  t o  remove N from sewage w a t e r  cou ld  b e  r e s t o r e d ,  

Three  o t h e r  columns were  c o n t i n u o u s l y  f l o o d e d  f o r  165 days  t o  

s t u d y  E i x a t i o n  of N by t h e  s o i l .  These columns were  t h e n  d i v i d e d  

and r e s p i r a t i o n  of t h e  column s e c t i o n s  under a e r o b i c  and a n a e r o b i c  

rond i  t i  011s was c s t  irnntecl hy nicastiring; CO e v o l u t i o n .  S a m p l m  f roin 
2 

i h c  s c c t i o n s  were  ana lyzed  f o r  Kjel.tlah1-N, and p l a t e  c o u n t s  oS s o i l  

n~i.croorganisms were made. 

The oxygen p r o f i l e s  o b t a i n e d  f o r  s o i l  columns d u r i n g  t h e  dry  

p e r i o d  i n d i c a t e  t h a t  a  l a r g e  s e c t i o n  of t h e  column remained auaerob i c  

i1-trougliout d ry  p e r i o d s  up t o  21 days i n  l e n g t h .  Tlie comparison of 

p r o f i l e s  of  open columns w i t h  columns c l o s e d  excep t  f o r  p i n h o l e s  

s u p p o r t s  t h e  e a r l i e r  c o n c l u s i o n  t h a t  b o t h  mass f low and d i f f u s i o n  

a r e  impor tan t  mechanisms of  oxygen e n t r y .  

The COD r e d u c t i o n  by s o i l  columns c o n t i n u o u s l y  f l o o d e d  w i t h  

sewage w a t e r  f o r  l o n g  p e r i o d s  w a s  e q u a l  t o  t h a t  o b t a i n e d  w i t h  s h o r t  

f r e q u e n t  f l o o d i n g  p e r i o d s .  T h i s  i n d i c a t e s  t h a t  a n a e r o b i c  r e a c t i o n s  
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were a s  e f f e c t i v e  a s  a e r o b i c  r e a c t i o n s  f o r  COD r e d u c t i o n  of 

secondary sewage e f f l u e n t  . 
CO p r o d u c t i o n  by s e c t i o n s  of columns which had p r e v i o u s l y  

2 
been f looded  f o r  165  days  d i d  n o t  va ry  much w i t h  t h e  dep th  of t h e  

column, and m i c r o b i a l  popu la t io l l s  were a l s o  uniform.  Anaerobic 

s e c t i o n s  produced a lmost  as much CO a s  a e r o b i c  s e c t i o n s  d u r i n g  
2 

a  3-day p e r i o d .  Th is  i n d i c a t e s  t h a t  t h e  columns were q u i t e  

uniform and t h a t  t h e  p o t e n t i a l  f o r  anaerob ic  a c t i v i t y  was almost 

equal L O  Chat l o r  a t r o b i c  a c t i v i t y  even d u r i n g  t h e  t l r y  pc.r i o d .  

D e n i t r i f  i c a t i o n  may account  f o r  a cons iderab  1.e amount of 

n i t r o g e n  removal i n  s o i l  columns even though gases  were u s u a l l y  

n o t  produced i n  s u f f i c i e n t  q u a n t i t y  t o  be  f o r c e d  o u t  of t h e  

columns and c o l l e c t e d .  A s  much a s  10% of t h e  n i t r o g e n  e n t e r i n g  

t h e  column i n  t h e  sewage water could  l e a v e  t h e  column a s  d i s s o l v e d  

N2. 
hn a n a l y s i s  o f  samples o f  t h e  s o i l  atmosphere i n  columrls 

d u r i n g  u n s a t u r a t e d  f low due t o  s u r f a c e  c logg ing  showed a  n i t r o g e n  

c o n t e n t  of abou t  95%. The change from e q u i l i b r i u m  w i t h  a i r  t o  

e q u i l i b r i u m  w i t h  a n  atmosphere of t h i s  composi t ion would r e s u l t  

i n  d i s s o l v i n g  an  a d d i t i o n a l  2 mg of N p e r  l i t e r  of w a t e r .  2 
Tile oxygen p r o f i l e s  and o x i d a t i o n  r e d u c t  i o n  p o t e n t  i a l s  

i n d i c a t e  t h a t  a  l a r g e  s e c t i o n  of t h e  column remains a n a e r o b i c  

d u r i n g  t h e  d ry  p e r i o d  p r o v i d i n g  a s u i t a b l e  environment f o r  d e n i t r i -  

f - i c a t i o n .  Ni t rogen  produced d u r i n g  t h e  dry  p e r i o d  cou ld  d i f f u s e  

From tlic open column wit i lout  be ing  d e t e c t e d .  Tl le c lc tec t ion  of 

N O i n  s e c t i o n s  of columns d i v i d e d  a f t e r  a l o n g  f l o o d i n g  p e r i o d  2 
i n d i c a t e s  t h a t  d e n i t r i f i c a t i o n  does occur  d u r i n g  t h e  d ry  p e r i o d .  

Also ,  t h e  a p p a r e n t  i n c r e a s e  i n  t h e  oxygen d i f f u s i o n  r a t e  d u r i n g  dry 

p e r i o d s  t o l l o w i n g  l o n g  f l o o d s  a s  compared t o  d i f f u s i o n  r a t e s  fol low- 

i n g  b r i e f  f l o o d s  may be due t o  t h e  p r o d u c t i o n  of n i t r o g e n  by 

d e n i t r i f i c a t i o n .  The d i f f u s i o n  of n i t r o g e n  i n t o  t h e  a i r  s p a c e  

above t h e  columns would reduce  t h e  p r o p o r t i o n  of oxygen i n  t h e  

s amp l e s  . 
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'UIC columns f loodcd i r t c r ~ n i  t t e n t l y  :I[ t e r  bcing c o n t  inuou:; Ly 

f looded  f o r  120 days r e l e a s e d  abou t  35% of t h e  n i t r o g e n  which /lad 

been removed from sewage w a t e r  d u r i n g  t h e  Long Elooding p e r i o d .  

The a b i l i t y  of t h e  columns t o  remove c o n s i d e r a b l e  q u a n t i t i e s  of 

n i t r o g e n  appeared t o  b e  r e s t o r e d  a f t e r  they r e l e a s e d  s t o r e d  

n i t r o g e n  f o r  s e v e r a l  c y c l e s .  The amount of n i t r o g e n  removal from 

sewage w a t e r  a f t e r  t h e  r e j u v e n a t i o n  was more t h a n  could be  exp la ined  

by t h e  f r e e i n g  of a d s o r p t i o n  s i tes .  Thus, i n t e r m i t t e n t  f l o o d i n g  

seems t o  b e  a  requirement  f o r  c o n s i s t e n t  n i t r o g e n  removal. The 
3- 

s o i l  adsorbs  NH from sewage w a t e r  and h o l d s  i t  u n t i l  t h e  dry  4 
p e r i o d  when i t  can b e  n i t r i f i e d .  The f l o o d i n g  p e r i o d  must be  

long enough t o  develop a  good p o p u l a t i o n  of d e n i t r i f y i n g  b a c t e r i a ,  
+ 

but not: l o n g  enough t o  exceed t h e  s o i l ' s  c a p a c i t y  t o  adsorb  NH 4 ' 
The a d s o r p t i o n  of NH i n  a  s t a b l e  form was probably  s i g n i f i c a n t  4 

when t h e  s o i l  was i n i t i a l l y  f l o o d e d ,  b u t  colu~nns packed w i t h  s o i l  

Prom b a s i n s  used f o r  groundwater recharge  Eor 2  y e a r s  d i d  no t  

show an  i n c r e a s e  i n  n i t r o g e n  c o n t e n t  a f t e r  165  days of f l o o d i n g  

m d  IS-day d r a i n a g e .  Th is  i s  i n  agreement wi th  r e s u l t s  Eronl s o i  1 

samples t aken  Erom b a s i n s  i n  t h e  f i e l d .  

PERSONNEL: J. C . Lance,  F. D. Whis le r  - , Herman Bouwer, R .  C .  R i c e ,  

R .  G .  G i l b e r t ,  R. S .  L i n e b a r g e r ,  E .  D .  Escarcega.  

CURRZNT TERMINATION DATE : 1971 
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Table  i s  The i n c r e a s e  in p e r c e n t  CO c o n t e n t  i n  a G O O - C C  c l o s + d  compartment 
2 

above s e c t i o n s  of a  s o i l  column which had been f looded  w i t h  secondary  

sewage e f f l u e n t  

Section$: Day 1 Day 2  Day 3 
Aerob ic  Anaerobic  Aerob ic  Anaerobic  Aerob ic  Anaerobic  

A Two 250-cm s o i l  colunms c u t  i n t o  t e n  s e c t i o n s ,  w i t h  s e c t i o n s  f r o m  one column 

main ta ined  a e r o b i c  and t h e  o~:?;.r- column s e c t i o n s  a n a e r o b i c .  
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Table  2 .  I n c r e a s e  i n  p e r c e n t  GO c o n t e n t  i n  a 4-00-cc closfid compartment 
2 

above s e c t i o n s  of a s o i l  column which had been p r s v i o u s l y  f l o o d e d  

f o r  165 days;? 

S e c t i o n  Day 1 Day 2 Day 3 
Aerob ic  Anaerobic  Aerob ic  Anaerobic  Aerob ic  Anaerobic  

* One 250-cm column d i v i d e d  i n t o  t e n  a l t e r n a t e  a e r o b i c  and a n a e r o b i c  s e c t i o n s .  

F i f t y  r n l  of secondary  sewage e f f l u e n t  was added t o  each s e c t i o n  immediately 

a f t e r  t h e  columns were d i v i d e d .  
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Table  3. P r o f i l e s  of s o i l  m o i s t u r e  and ~ n i c r o b i a l  numbers 

i n  s o i l  columns f looded  f o r  165 clays w i t h  secondary 
1 / 

sewage e f f  luent-  

Column 2 /  S o i l  Numbers of microorganisms/g  of s o i l -  
s e c t i o n  number mois tu re  

Fungi  B a c t e r i a  Act inomycetes pe rcen tage  

x 10  
2 

x 1 0  
4 

x 10 
4 

2 (25 cm) 5 317 4 3 11.56 

3 (50 cm) 16 2 08 4 8 12.74 

4 (75 cm) 9 120 4 9 13.53 

5 (125 cm) 1 6  170 4 7 14.71 

8 (200 cm) 13  180 5 2 18.92 

9 (225 cm) 16 190 48 19. 10 

1.0 (250 cm) 17 2 11 42 19.36 

11 ( b o t t o n )  17 2 16  5 7 20.10 

1/ Data a r e  averagesof  r e s u l t s  from 3 columns. - 
21 C u l t u r e  media used were Li t tman-Oxgal l  a g a r  f o r  f u n g i  and - 

p l a t e  coun t  a g a r  f o r  b a c t e r i a  and ac t ionmyce tes .  
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Table 4 .  NeL n i t r o g e n  rcnloval from stbw;ii;e w:iLci- hy  s o i l  

columns i n t e r m i t t e n t l y  C loodcd wi t h  sewage w a t e r  

a f t e r  b e i n g  c o n t i n u o u s l y  f looded  f o r  s e v e r a l  
11 mon t hs- 

Cycle l e n g t h  Net N r emova l / cyc le  
Flooded Dry Col 1 Col 2  Col 3  Avg 

days 

23 

3  

2  3 

1 7  

9 

9 

16  

2 1 

I 0 

16 

2 2 

days  

12 

4 

5  

4 

5  

5  

5 

5 

5 

7  

4 

I /  Column 1 was f looded  f o r  105 days and columns 2  and 3 - 
were f looded  f o r  180 days .  

2 /  Ncgat ivc  numbers i n d i c a t e  t h a t  t h e  s o i l  was adding N - 
t o  t h e  w a t e r .  
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T a b l e  5 ,  The composi t ion oT: t h e  s o i l  atmosphere 

d u r i n g  u n s a t u r a t e d  f low of sewage wate r  

th rough  s o i l  columns 

Column N 
2 O2 C02 CH4 

T o t a l  
d e p t h  

Avg '34.2 2.1 3 ,4  9 9 . 7  

* Trace  i s  d e t e c t a b l e ,  b u t  < 0.05%. 
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T a b l e  6 .  K j e l d a h l - N  c o n t e n t  of s o i l  f rom columns 

f l o o d e d  f o r  165  d a y s  with s e c o n d a r y  sewage 

eEf l u e n  t 

Sect ion;? Co l  1 Co l  2 C01 3 Av e 

d r y  s o i l  

0 .31 

0.33 

0.32 

0.29 

0.32 

0 ,36 

0.29 

0.34 

0.38 

0.36 

, 0.36 

0.33 

Colunms samplcd  a t  25-cm i n t e r v a l s  b e g i n n i n g  

3 t S U ~ L ' C L C C ? .  
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T a b l e  7 .  Net N removal from s o i l  columns 

c o n t i n u o u s l y  f l o o d e d  f o r  165 days  

Column N removal 
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@-#a 

A-A 
m-m 
0-0 

F i g u r e  1. Oxygen concentration a t  clif f c r c n t  d c p t h s  
i n  a  s o i l  column d u r i n g  a 5-day  d r y  
p e r i o d  f o l l o w i n g  2 days  of f l o o d i n g .  
(Data f rom 2 columns were  a v e r a g e d , )  
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F i g u r e  2 .  Thc oxic la t  ion- rcc luc  t i o n  po tc :n t i a l  aL v a r i o u s  d e p t h s  
i n  a s o i l  column d u r i n g  a  5-clay d r y  p e r i o d  f o l l o w i n g  
2 d a y s  of  f looc l ing ,  (Da ta  f rom 2 c o l u n n s  were  a v e r n g c d . )  
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F i g u r e  3 .  Oxygen c o n c e n t r a t i o n  a t  d i f f e r e n t  d e p t h s  i n  a  s o i l  
column d u r i n g  a  21-day d r y  p e r i o d  f o l l o w i n g  2  days 
of f l o o d i n g .  ( ~ a t a  from 2 columns were averaged . )  

3-20 
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F i g u r e  4 .  Oxygen conccnkra i r ion  a t  d i f f e r e n t  d e p t h s  i n  a s o i l  co lunm 
c l o s e d  a t  t h e  t o p  e x c e p t  f a r  n p i n h o l e  d u r i n g  t h c  d r a i n a g e  
p e r i o d .  3-21 Annual Report of the U.S. Water Conservation Laboratory



F i g u r e  5 .  Oxygen c o n c e n t r a t i o n  a t  d i f f e r e n t  d e p t h s  i n  a s o i l  culurnn 
when a i r  was puinped t h r o u g h  d u r i n g  t h e  d r a i n a g e  p e r i o d .  
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F i g u r e  6 .  Thc? r a t e  of oxygen d i f f u s i o l l  i n t o  s o i l  colunrns 
d u r i n g  5-day  d r y  p e r i o d s  f o l l o w i n g  2-  and 16-day 
f l o o d i n g  p e r i o d s .  
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F i g u r e  7 .  The COD of w a t e r   fro^ soil coluiiins f1oildr.d aitli sewage i i a t e r  co:~tinuuusly Lor 120 d a y s .  
(Data from 2 colunins were  a v e r a g e d .  COD of sewage ?.\rater averaged 30 mgjl.) 
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TITLE : CmCTmIZATION OF T'HE SOIL MICROFLORA AND 

BIOLOGECAL PROCESSES OCCURRING I N  SOIL USED FOR 

WASTE WATER RENOVATION. 

C R I S  WORK UNIT: SWC-012-gG-1 CODE NO, :  Ariz,-WCL-70-2 

Laboratory r e s e a r c h  has  been i n i t i a t e d  t o  determine t h e  e f f e c t s  

of microbia l  a c t i v i t y  on t h e  performance and management of spreading  

bas ins  f o r  reuse  and renovat ion  of  secondary sewage e f f l u e n t  by 

means of ground-water recharge ,  The f i r s t  o b j e c t i v e  was t o  charac-  

t e r i z e  the  ae rob ic  and anaerobic  microbia l  popula t ion  i n  t h e  s o i l  

p r o f i l e  of sewage spreading  bas in s  and l abo ra to ry  s o i l  columns. 

Secondly, microbia l  a c t i v i t y  and b i o l o g i c a l  processes  r e l a t e d  t o  

removal of excess  n u t r i e n t s ,  i , e . ,  n i t rogen ,  phosphorus, carbon 

and BOD, from sewage water  w i t h  sewage spreading  bas in s  w i l l  be 

determined, Las t l y ,  t he  i n f luence  of vege ta t ion ,  chemical t r e a t -  

ments and s e l e c t e d  management p r a c t i c e s  on t h e  b i o l o g i c a l  processes ,  

i, e., n i t r i f i c a t i o n  and d e n i t r i f i c a t i o n ,  w i l l  be eva lua ted .  The 

r e s u l t s  obtained w i l l  a i d  i n  t h e  formulat ion of  management p r a c t i c e s  

which w i l l  y i e l d  t h e  optimum combination of q u a l i t y  and quan t i t y  of 

renovated water  t h a t  can be used f o r  u n r e s t r i c t e d  i r r i g a t i o n ,  

r e c r e a t i o n ,  and o t h e r  purposes.  

IrROCEDURE : 

The in f luence  of mic rob ia l  a c t i v i t y  and b i o l o g i c a l  processes  

throughout t h e  s o i l  p r o f i l e  r e l a t e d  t o  removal of  n i t r o g e n  w i l l  be  

s t u d i e d  i n  d e t a i l  i n  sewage spreading bas in s  and l abo ra to ry  s o i l  

columns, Measurements of  mic rob ia l  a c t i v i t y  of  sewage bas ins  and 

column s o i l s  w i l l  inc lude  Warburg r e s p i r a t i o n  s t u d i e s  i n  ae rob ic  

and anaerobic  atmospheres and ATP and enzyme a c t i v i t y  measurements. 

Numbersof microbia l  popula t ions  i n  ae rob ic  and anaerobic  environ-  

ments w i l l  be determined by s tandard  s o i l  d i l u t i o n  techniques.  

Ex i s t i ng  concepts and methods w i l l  be eva lua ted  and modified a s  

necessary t o  meet experimental  requirements;  and new concepts,  

r e sea rch  techniques,  dev ices ,  and methods w i l l  be developed when 

necessary.  

4- 1 
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TS AND DISCUSSION:  

Laboratory facilities for studying soil microorganisms and 

biological processes have been established. Experiments for soil 

column studies have been designed and are being constructed. 

Concurrent field studies will also be initiated. Only preliminary 

data on microbial numbers of soil columns flooded for 165 days 

with secondary sewage effluent has been collected. This data will 

be incorporated into the annual report of cooperating personnel, 

WCL 68-3. 

PERSONNEL: R. G .  Gilbert, 3. C .  Lance, Herman Bouwer, R .  C .  Rice, 

F. I). Whisler, and E, Kscarcega, 

ENI: TERMINATION DATE: October 1975, 
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'CITLE : SOII, TIIEATmN'I' TO REDUCE INFILTRATION A N D  

LNCUASE PKECIP LTATION RUNOFF 

CRIS WORK UNIT: SWC-018-gG-2 CODE NO. :  Ariz.-WCL 60-7 

INTRODUCTION : 

Measurements o f  r a i n f a l l  and runof f  were  con t inued  on t h e  l a r g e  

wate r sheds  a t  t h e  Monument Tank t e s t i n g  s i t e ,  on p l o t s  a t  t h e  G r a n i t e  

Reef t e s t i n g  s i t e ,  and a t  t h e  Seneca catchment.  Labora to ry  s t u d i e s  

were  concerned w i t h  e v a l u a t i o n  of low-cost s o i l  s t a b i l i z e r ,  w a t e r  

r e p e l l e n t  t r e a t m e n t s .  Treatments  which were  s a t i s f a c t o r y  i n  t h e  

Labora to ry  t e s t s  were  p l a c e d  on small t e s t  p l o t s  a t  G r a n i t e  Reef 

t o  c v a l u a t e  wea ther ing  c h a r a c t e r i s  t i c s .  

PART I .  GRANITE REEF TESTING SITE 

The 30 m i l  non-re inforced b u t y l  l i n i n g s  i n  t h e  w a t e r  s t o r a g e  

p i t s  f o r  t h e  t h r e e  wa te r sheds  have shown i n c r e a s i n g  s i g n s  of d e t c r i -  

o r a t i o n  i n  r e c e n t  y e a r s .  The b u t y l  material, i n s t a l l e d  i n  December 

1963, began deve lop ing  small h o l e s ,  p a r t i c u l a r l y  on t h e  upper edges 

of rhe  bank where t h e  s h e e t i n g  was under maximum t e n s i o n .  The t e a r  

r e s i s t a n c e  around t h e  h o l e s  was ve ry  low, i n d i c a t i n g  a  d e t e r i o r a t i o n  

of m a t e r i a l .  I n  A p r i l  1970 t h e  l i n i n g s  were r e p l a c e d .  The s t o r a g e  

a r e a  f o r  W - 1  was l i n e d  w i t h  new 32 m i l  non- re in forced  b u t y l  s h e e t -  

i n g ,  and t h e  s t o r a g e  area f o r  W-2 was l i n e d  w i t h  a 20 m i l  modif ied 

p o l y e t h y l e n e  s h e e t i n g .  The s t o r a g e  area f o r  W-3 was l i n e d  w i t h  an 

a s p h a l t - f i b e r g l a s s  material. Th is  l i n i n g  is d i s c u s s e d  f u r t h e r  i n  

Annual Report  s e c t i o n  t i t l e d  "Fabr icated-In-Place ,  Re inforced  

Res e r v o i r  L i n i n g s ,  " WCL 68-2. 

A t o t a l  of 173.4 mm of  r a i n f a l l  was measured i n  18 s c p a r a t c  

s t o r m s .  Over 30% of t h i s  p r e c i p i t a t i o n  occur red  i n  one s t o r m  on 

5-6 September 1970, when 63.5 mm of r a i n  was c o l l e c t e d  i n  a  1 4  hour  

p e r i o d .  Fol lowing a r e  t h e  r e s u l t s  of t h e  r a i n f a l l - r u n o f f  measure- 

ments from t h e  d i f f e r e n t  s to rms  f o r  each p l o t ,  compared t o  t h e  

s t a n d a r d  U .S . Weather Bureau ra ingage .  

Paved o r  Covered P l o t s .  The t r e a t m e n t s  a p p l i e d  t o  t h e  p l o t s  

a r e  l i s t e d  i n  T a b l e  1 and t h e  runoff  r e s u l t s  p r e s e n t e d  i n  T a b l e  2 .  
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limo1 f from the  Lhree p l o t s  covered w i t h  t h i n  f i  Lrm, I,-1, (30 m i  1 

c h l o r i n a t e d  p o l y e t h y l e n e ) ,  1;-4 (15 m i l  b u t y l )  and L-7 ( 1  m i l  aluminum 

f o i l )  averaged 98.2%,  90.52,  and 84.1% f o r  t h e  y e a r .  These runof f  

r e s u l t s  a r e  s l i g h t l y  h i g h e r  t h a n  were  measured i n  1969.  The p h y s i c a l  

appearance of the  aluminum f o i l  and t h e  c h l o r i n a t e d  p o l y e t h y l e n e  

h a s  no t  changed i n  t h e  p a s t  y e a r .  The 1 5  m i l  b u t y l  shows s e v e r e  

d e t e r i o r a t i o n  and h a s  developed s e v e r a l  s m a l l  t e a r s .  

The two-phase a s p h a l t  t r e a t m e n t s  on p l o t s  L-5 and L-6 averaged 

94 .0Xand  96.7%,  r e s p e c t i v e l y ,  f o r  the  y e a r .  Weather ing of the  

zwplrnl t had nl  lowed numerous smal 1 pock marks ancl c r a c k s  t o  devc.lop 

i n  tllc pavements. On 26 Ikbruat-y 1970, w a t e r  e q i ~ i v a l ~ n t  t o  a 5 INII  

r a i n  was s p r i n k l e d  on t h e  p l o t s  and t h e  runof f  measured. Loss of 

w a t e r  through c r a c k s  o r  r e t a i n e d  on t h e  p l o t s  was 0 .55  mm on 1,-5 

and 0 . 3 8  mm on L-6. On 22 A p r i l  1970 bo th  p l o t s  were  g iven  a s e a l  

c o a t  o f  modif ied  SSKH a s p h a l t  emuls ion t o  s e a l  t h e  c r a c k s  and 

smooth t h e  pavement s u r f a c e .  P r i o r  t o  t r e a t m e n t ,  L-5 averaged  85.2% 

runoff  and L-6 averaged 93.9% runof f  from 77.6 mm o f  r a i n .  A f t e r  

a p p l i c a t i o n  of t h e  s e a l  c o a t ,  L-5 averaged 9 8  .O% and L-6 averaged 

98.9% runof f  from 95 .8  mm of  r a i n .  These r e s u l t s  shaw t h e  importance  

o f  a  p e r i o d i c  maintenance program f o r  a  h i g h  l e v e l  o f  e f f i c i e n c y  

from a s p h a l t  pavement ca tchments .  

Tlze v iny l -coa ted  a s p h a l t - f i b e r g l a s s  p l o t  A-1 averaged 94% 

r u n o f f .  This t r e a t m e n t  i s  very  smooth and s h o u l d  y i e l d  100% r a i n -  

f a l l  r u n o f f .  P l o t  A-2, s t a n d a r d  g r a v e l  roof  c o v e r i n g ,  averaged 

77.3X rtunoff. 'i'he p l o t  c o n t i n u e s  t o  Lose approximately 2 mni of  

r a i n f a l l  runof f  p e r  s t o r m  by r e t e n t i o n  i n  t h e  g r a v e l  l a y e r  and 

e v a p o r a t i o n  i n t o  t h e  a tmosphere .  The c o n c r e t e  p l o t  A-5 averagcd 

75.4% runof f  f a r  t h e  y e a r .  The c o n c r e t e  s l a b  r e t a i n s  some w a t e r  

i n  t h e  porous s u r f a c e ,  b u t  i t  i s  b e l i e v e d  t h e  m a j o r i t y  o f  the  loss 

o c c u r s  through l a t e r a l  c r a c k s  i n  t h e  p l o t .  At tempts  t o  s e a l  t h e  

c racks  i n  January  1970 w i t h  a n  a s p h a l t i c  c r a c k  s e a l e r  were  o n l y  

p a r t i a l l y  successEu1.  Runoff c o n t i n u e d  t o  d e c l i n e  d u r i n g  the  y e a r .  
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On l 9  Harrh 1970,  p l o t  A-4 was covered w i t 1 1  a  2  mil  t l i i c k ,  t a n  

a c r y l i c  f i ln i  boncled Lo t h e  s o i l  w i t h  a s p h a l t  emuls ions .  The f i l m  

was repor ted  t o  have e x c e l l e n t  weathe r i n g  c l i a r a c t e r i s  t i c s .  The 

t r e a t m e n t  f a i l e d  i n  l e s s  than  one month w i t l ~ o u t  c o l l e c t i n g  any 

w a t e r .  Subsequent examina t ion  of the  f i l m  sl~owed t h a t  t e a r  and 

p u ~ ~ c t u i - c  r e s i s  t:ulc.c was t o c t  l o w  L O  prcven t  mech:~n i v n l  o r  w i n c l  

tl;tinage . 
Bare S o i l  P l o t s :  The b a r e  s o i l  p l o t s  a r e  a11 t r e a t m e n t s  wliere 

t h e  s o i l  i s  nor  compl.etely ~ . o v e r e d  or paved.  The t r e a t m e n t s  a r e  

L i s t ed  i n  'I'ablc 3  and t h e  runof f  r e s u l t s  p r e s e n t e d  i n  Tab le  4 .  

I < ; i i r l  f a l  1 runoff  froin t h t  t w o  unc lca rcd  waters l leds  W- 1 anti W-2 

averaged 1 0 . 3 %  ancl 6 . 9 % ,  r e s p e c t i v e l y ,  For the  y e a r .  Watershed W-3, 

hand c l e a r e d  of b rush  i n  1963,  y i e l d e d  1 5 . 3 %  r u n o f f .  Approximately 

50% o f  the w a t e r  c o l l e c t e d  from t h e s e  a r e a s  o c c u r r e d  d u r i n g  the 

5 September 1970 s to rm.  The s i g n i l i c a n c e  of t h e  d i f f e r e n c e s  i n  t h e  

t o t a l  runof f  from t h e  t h r e e  a r e a s  is d i f f i c u l t  t o  e v a l u a t e  w i t h  t h e  

l i m i t e d  number oF s to rms  d u r i n g  the  y e a r  which produced r u n o f f .  

G e n e r a l l y ,  s t o r m s  of r e l a t i v e l y  h i g h  i n t e n s i t i e s  and r a i n f a l l  

q u a n t i t j e s  i n  e x c e s s  o f  8 mm a r e  r e q u i r e d  b e f o r e  runof f  o c c u r s .  

I%e two snioothetl u n t r e a t e d  p l o t s ,  L-2 and A-3 ,  ave raged  20.6% 

:rnd 29.22, r u n n f f ,  r c s p e c t i v c 4 y .  'llie r ~ i n o f f  from t h e s e  p l o t s  i s  s t i l l  

s i b m i  l i c a n t  ly l i igl ler  Llian t h c  runof'f from the  t l i r ce  wntcrsllccls. Run- 

o f f  from t h e  smoothed p l o t  L-3, t r e a t e d  w i t h  a s i l i c o n e  w a t e r  

repellent , averaged 73.72 f o r  t h e  y e a r ,  a d e c r e a s e  o f  approx imate ly  

15'% s i n c e  r e t r e a t m e n t .  These runoff  val.ues a r e  s i i n i l n r  t o  the 

runof f rnc;~suretl a f t e r  t lie o r i g i n a l  treatnienL i n  2965. A g r a v e l  

I a y e r  has  developed on t h i s  p l o t  which may be  r e d u c i n g  runof f  by 

r e t a i n i n g  w a t e r  s i m i l a r  t o  the  g r a v e l  covered p l o t  A-2. 

A J 1 . MOhV M1SNI' 'I'ANK *1' ESVl'Ti\lC; S I'I'TI 

To ta l  r a i n f a l l  t h e  p a s t  y e a r  was 208 ntm f o r  t h e  p e r i o d  6  January 

1970 through 1 6  December 1970. P r e l i m i n a r y  a n a l y s i s  of monthly r a i n -  

f a l l  t o t a l  s from che ra ingage  nerworlc shows a  random v a r i a t i o n  o f  

LO t o  20% i n  a r e a l  d i s t  r i b u t  i o n  o v e r  the  30 h e c t a r e  t e s t  s i t e .  The 
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p r c c i p i t a L i o n  v a r i a t i o n  i s  ilc.cwrinLctl Tor i n  Lhc a n a l y s i s  of' tljc run- 

o f  l I t 0 1 1 1  I l ~ t .  w i l t  ( %  ~- ! ; l r r~ ( l !~  I)y I#:, i 11) :  i / I ( '  '1'11 i ( k : ; * i ( * l i  11oly):o11 111(~1Ito(l 0 1  

wc i g l l l c t l  ;rver;lges. Analysis  o f  r a i n l a 1  l by inclivi tluai s torrrrs I i i l ~  

no t  been completed.  

A p re l iminary  anal  ys  is has been completed by inclividua3. s torm 

e v e n t  o f  a t  L tlte runoff  d a t a  co l  l ec te t l  from c a c l ~  of the wnters l leds .  

'I'he t o t a l  r a i n f a l l  and run01 f r e s u l t s  from t h e  a r e a s  f o r  the  p e r i o d  

13  Kovember 1967 t t i rougl~ 16 1)cceniber 1970 is p r e s e n t e d  i n  Table  5 ( L ~ ) .  

Tile resn  Lts a r e  s l i g h t l y  ~nis lenci ing because tile m a j o r i t y  of the  

runoff  occur red  d u r i n g  one 30 day p e r i o d ,  11 December 1967 througli. 

10 January 1968. During t h i s  30 clay i n t e r v a l ,  runof f  was 11.9  nm), 

82 .5  mm. 11 3.7 m m ,  and 20.4 mm from watershed 1 through 4 ,  r e s p e c t i v e l y .  

The t o t a l  measured p r e c i p i t a t i o n  was approximately  100 mm and occurrecl 

as b o t h  r a i n  and snow. I t  i s  b e l i e v e d  t h a t  r a ingagcs  d i d  no t  a c c u r a t e l y  

measure tlie s n o w f a l l .  Tal11e 5 (b)  p r e s e n t s  the  r e s u l t s  of r a i n f a l l  

and runoff wi th  t l ~ e  p r e c i p i t a t i o n  a n d  runoff  d a t a  o u i t t c d  f o r  tlw 

i d  I I I  I )cc.c~~il)~~r 1 9 6 7  t l ~ ~ - o t ~ ) : l ~  10 . J ; ~ I ~ L ~ ~ J I - Y  I9h8. 'I'l~cse r c s u l t s  

show tile runoCf from t h e  f o u r  wa te r sheds  is mucli lower t h a n  was 

o r i g i n a l l y  expec ted .  Runoff from a r e a s  1 and 4  w i t 1 1  thc  n a t u r a l  

channels  was l e s s  than 1% of  tlie t o t a l  p r e c i p i t a t i o n .  Areas 2 and 

3 w i t 1 1  the l i n e d  c o l l e c L i o n  d i t c l ~ e s  averaged 3.5 Lo 4.52 r u n o f f .  

A comparison of t h e  s o i l  types  a t  t h e  Monument Tank t e s t  s i t e  

and t h e  G r a n i t e  Reef t e s t  s i t e  i s  p r e s e n t e d  i n  Table 6 .  l ' h i s  

comparison shows t h e  Monument Tank s o i l s  a r e  f i n e r  t e x t u r e d  t h a n  

Gran i te  Reef s o i l  and might be expec ted  t o  have l a r g e r  r u n o f f ,  

e s p e c i a l l y  on wate r sheds  2  and 3 which have t h e  l i n e d  c h a n n e l s .  

The reasons  f o r  t h e  low runoff  a r e  n o t  known, b u t  f a c t o r s  such as  

s u r f a c e  roughness and d i s t a n c e  of over land  flow a r e  b e l i e v e d  t o  

be of major impor tance .  Stuclies t o  b e t t e r  d e f i n e  t h e  e f f e c t  of 

t l iesc  v a r  i a h l e s  w i  I1  130 i n i  t i a t c d .  
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1 i 1 I . OF ElIAT I ONAl, I: I ELL) CAT CA 1 MENTS 

1Jj th ~ h c  e x c e p t i o n  o f  t lw Seneca ca t rhn ten t ,  a l l  o p e r a t i o n a l  

f jc l d  un i is have been ttirnctl o v e r  L o  the r e s p e c t  i vc c o o p c r n t  in6 

a g e n c i e s .  Tlre Mciatc catclrrncn t  was L11o o ~ i l v  u n i t  v i s i  Lecl tile p a s t  

y e a r  and was i n  e x c e l l e n t  c o n d i t j o n .  No r e p o r t s  were rclceivecl on 

t h e  pe r lormance o f  any of t h e  o t h e r  o p e r a t i o n a l  u n i t s  . 
T o t a l  p r e c i p i t a t i o n  a t  tile Seneca catclilrtent was 522.7 null f o r  

L I E  pe riocl 1 lkccmber 1969 tliror~gll 17 Ilecernbe r 1970.  P uc l  i ~ n i n a r y  

a n a l y s i s  h a s  been completed by i n d i v i d u a l  s t o r m s  of a l l  the  runof f  

d a t a  c o l l e c t e d .  The r e s u l t s  show t h e  runof f  from t h e  ca tchment  ltas 

averaged l e s s  t h a n  2% s i n c e  i n s t a l l a t i o n  i n  J u l y  1967.  These r e s u l t s  

i n c l u d e  runof f  when t h e  a r e a  was t r e a t e d .  (See  p r e v i o u s  Annual. 

Repor ts .  ) 

( ~ o r ~ ~ ~ ~ , ~ r i s o n  o I L ltcx so i  I k yj)cl w i  ti1 ( i r i ~ n i  L o  i k ~ ( ~  I , ' l ' ; i l )  I ( %  0 , wot~ I d  

s t tggcs t  runoff  s i m i l a r  Lo t l ~ c  t w o  untreatecl  C r a n i t c  licef wa tc~rs i~cc i s .  

'I'he Scnrca  p l o t  is on a uniform 8% n a t t t r a l  s l o p e .  I q a n t  growth on 

the  p l o t  c o n s i s t s  o f  g r a s s e s  growing i n  s m a l l  r111mps. I t  was 

o r i g i n a l  l y  tliougl~L t h a t  r a i n f a l l  r u n o f f ,  o c c u r r i n g  o v e r  a p e r i o d  of 

many y e a r s ,  had eroded smal l  r i l ls  o r  microchannels  t o  produce a  

s u r f a c e  clrainage sys tem f o r  t h e  a r e a .  Debr is  from g r a s s  k i l l e d  

d u r i n g  1969 showed t h a t  t h i s  was n o t  t r u e .  Fol lowing ra ins to rms  

i n  1970,  g r a s s  d e b r i s  c o l l e c t e d  on t h e  lower  edges  of  s m a l l  b a s i n s  

and d e p r e s s i o n s  t o  p r o v i d e  a c l e a r  o u t l i n e  of t h e  d e p r e s s i o n s .  

l'hc e n t i r e  a r e a  was covered w i t h  t l iese  b a s i n s  t h a t  obv ious ly  r e t a i n  

most o f  t h e  r a i n  t h a t  f a l l s .  C r e a t i o n  of a  wa te rp roof  s o i l  s u r f a c e  

cannot  cause  h i g h  r a i n f a l l  runof f  u n l e s s  the  s o i  1 s u r f a c e  i s  

nioclif i ccl t o  reduce t h e  p r e s e n t  l z i  gh r e t e n t i o n .  

I I V . SI) I I ,  S'I'Ali 1 I,? ZAT 1 ON 

S o i  1 s t a b  i 1 i z i  ng rr iateriaJs cx,rolinctl cli~rillg 1070 arcb l istccl i 11 

7'i11>Le 7 w i t h  r e s i n  t y p e ,  where known, p l u s  p a r t i c l e  s i z e ,  p a r t i c l e  

c h a r g e ,  and c o n t a c t  a n g l e .  
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ll,-lrl i c l  e s i z e  was ~il~asrlrecl  wit11 LI c a l i b r n t c ~ d  g r i  tl on a rni  i.ro- 

scope* AS1 m a t e r i a l s  e x c e p t  4 ,  5 ,  15 and 16  had p a r t i c l e s  o f  

4 microns o r  l e s s  d i a m e t e r .  M a t e r i a l  4 was an o l d  sample  and 

ncw m<itcrial may ltave s rna l l e r  p ; l r t i c l e s .  F l a t e r i n l s  5 ,  1 5  and 15 

ti i d  noL p e n e t r a t e  u n d i s t u r b e d  s o i l  s u r f a c e s  s a t  is f a c t o r i l y  , inti i - 
e a t i n g  i h a t  p a r t i c l e  s i z e  l e s s  than  1 2  microns i s  r e q u i r e d .  

P a r t i c l e  charge  was determined by a p p l y i n g  6 v o l  t s  , D C  c u r r ~ r i  L 

to  two 7 Inn d iamete r  b r a s s  rod e l e c t r o d e s  spaced 1 5  mm a p a r t  n l~c l  

n o t i n g  which e l e c t r o d e  became coa ted .  C a t i o n i c  o r  pos i t i v e l y  

clzarged p a r t i c l e s ,  f o r  example,  m i g r a t e  t o  and c o a t  t h e  n e g a t i v e  : v 

dzarged e l e c t r o d e .  Only two materials, 2 and 5 ,  were  c a t i o n i c .  

ALtlloug11 m a t e r i a l  5  d i d  n o t  i n f i l t r a t e  s a t i s f a c t o r i l y ,  m a t e r i a l  L 

d i d .  Under t h e  t e s t  c o n d i t i o n s ,  p a r t i c l e  charge  was not  a f a c t o r ,  

Cant a c t  a n g l e  between a  w a t e r  drop and a s o i l  sul-fa(-e t r e a t e d  

wi t h  t e s t  m a t e r i a l s  was measured by the  l a r g e  drop metl~nd descr ibcci  
- 2 

i n  tlle 1969 Annual. Repor t .  S o i l s  were  t r e a t e d  w i t h  1 . 7  kg  m c i i c ,  - 

t i l l e d  w a t e r  c o n t a i n i n g  2% d i s p e r s e d  o r  d i s s o l v e d  t e s t  r e s i n .  ,:I 1 

t r e a t t a e n t s  cbxcept m a t e r i a l  5 a l s o  con ta ined  3% s o d i ~ l m  ntetityl 

s f  l i c o n a t e  . The 1 owest c o n t a c t  a n g l e  measured on smoothed Graui t c  

Reef s o i l  i n  p e t r i  d i s h e s  was 92 degrees  f o r  m a t e r i a l  7 .  Contact  

a n g l e  i n c r e a s e s ,  up t o  n p o i n t ,  w i t h  s u r f a c e  roughness .  F i e l d  t e s l -  

of m a t e r i a l  7 a p p l i e d  t o  r e l a t i v e l y  rough,  n a t u r a l  Granci t e  Reef 

s o i l  showed t h a t  i t  w a s  s u f f i c i e n t l y  hydrophobic  t o  p r e v e n t  w a t e r  

i n l i l t  r a t i o n .  

H a t e r i a l  t e s t s  on s o i l  i n  p e t r i  d i s h e s  were  used on ly  f o r  p r c -  

1j.minnx-y s c r e e n i n g  purposes .  At tempts  t o  deve lop  t r a y s  of  s o i  l 

r e p r e s e n t a t i v e  o f  f i e l d  c o n d i t i o n s  w e  r e  n o t  s u c c e s s f u l  and s o  
2 p r o r c d ~ i r e s  were  d e v i s e d  f o r  e v a l u a t i n g  I m a r e a s  of n a t i ~ r n l ,  

, , tini1i:;l t~rIx.~cl : s o [  1 t  reiit.ed wi L I I  i c ) s t  ~ t t a t c r i i i l s .  Ilic : I I L ~ ~ I S  W C ? I  L- 

2 1 inctl w i  L ~ I  pai.ni s p r a y e d  aroutid n l m mask and rtt;ite r i d s  wc. re  

app 1 icd w i  tit a  srnall s p r i n k l i n g  can .  ?'hc d r i p p c r  used o n  p e t r i  

ciisltes was modi F i ctl t o  makc i t  p o r t a b l c  and was used t o  ev,il u,itt1 

c>rosi  o n  r e s i s t a n c e  o f  t r c a t c d  a r e a s .  One t l~ons;md cl rops , 5 r111n 
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cliamcter,  f a l l i n g  from n 2  meter  h e i g h t  were a p p l i e d  i.n a pcriocl o f  

5 minutes ,  and the  number o f  drops  r e q u i r e d  t o  i n i t i a t e  e r o s i o n  

was recorded .  
-2 

M a t e r i a l s  were a p p l i e d  a t  a r a t e  of 0 .64  l i t e r s  m i n  w a t e r  

d i s p e r s i o n s  o r  s o l u t i o n s  c o n t a i n i n g  2% r e s i n  and 3% sodium rnetlkyl 

s i l i c o n a t e .  A p p l i c a t i o n  r a t e  and SMS c o n c e n t r a t i o n  were b a s e d  o n  

p r e v i o u s  f i e l d  and l a b o r a t o r y  i n v e s t i g a t i o n s .  Numerous s m a l l  

p l o t  t r i a l s  showccl t h a t  c o n c e n t r a t i o n s  excectl ing 2X r e s i n  f r e -  

q u e n t l y  d i d  n o t  a d e q u a t e . 1 ~  p e n e t r a t e  f i e l d  s o i l  s u r f a c e s .  M a t e r i a l s  

must s o a k  i n  r a p i d l y  t o  avo id  runof f  and s h o u l d  s t a b i l i z e  the  s o i l  

t o  a  depth  of  a t  l e a s t  5  m. 
L Performance o f  1 0  m a t e r i a l s  a p p l i e d  t o  1 m p l o t s  a t  G r a n i t e  

Reef on 14 J u l y  1970 is summarized i n  Table  8 .  D r i p p e r  t e s t s  were  

made on 3 1  J u l y  and 2 1  October  1970. Eight  o f  t h e  m a t e r i a l s  were  

i n  good c o n d i t i o n  a f t e r  3  months exposure .  A d d i t i o n a l  mate r i a l s  

w i l l  be a p p l i e d  t o  similar p l o t s .  The major q u e s t i o n  t o  be answered 

i s  t h e  a b i l i t y  o f  t e s t  m a t e r i a l s  t o  r e s i s t  d e g r a d a t i o n  by photo- 

o x i d a t i o n s ,  cltcrrticnl rcnct icm wit11 tllc s o i l ,  a n d  e r o s i o n  by natul-a1 

r a i n  ia1.I . 
SUM3lAW AND CONCLUSIONS : 

A t o t a l  of 174 nnn r a i n f a l l  was measured i n  1 8  s e p a r a t e  s to rms  

at the  G r a n i t e  Reef t e s t  s i t e .  Over 30Z of t h i s  p r e c i p i t a l i o n  

occur red  i n  onc s t o r m  a n  5-6 September 1970,  when 64 nml o f  r a i n  

f e l l  i n  a  14 h o u r  p e r i o d .  Runoff of  p r e c i p i t a t i o n  from 200 m 
2 

covered  p l o t s  ave raged :  c l ~ l o r i n n t e t l  p o l y e t h y l e n e  - 98Z, b u t y l  - 

90%,  and aluminum f o i l  - 842. Vie 9-year  o l d ,  15 m i l  b u t y l  rubber  

s h e e t i n g  is  now i n  poor  c o n d i t i o n  and i s  deve lop ing  small h o l e s  

and t e a r s .  Small  c r a c k s  and pock marks had deve loped  i n  a  3-year 

o l d  s e a l  c o a t  on two a s p h a l t  pavement p l o t s ,  r e d u c i n g  r a i n f a l l  

runof f  t o  abotit 85-94%. A new s e a l  c o a t  i n c r e a s e d  r u n o f f  t o  

98-99%. Runoff from o t h e r  covered and paved catchments  was about 

t h e  same a s  in  1969. Only  one new m a t e r i a l ,  2-niil a c r y l i c  fill11 
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bonded t o  the  s o i  1 with  a s p h a l t ,  was i n s t a l l e d .  Tllis f a i l e d  i n  

l e s s  than one month because  o f  low punc tu re  and t e a r  r e s i s t a n c e .  
2  

Rimoff from two 500 m u n c l e a r e d  wa te r sheds  a t  G r a n i t e  I b e f  

averaged on ly  7-10%. A s i m i l a r  a r e a ,  c l e a r e d  o f  b rush  i n  1963,  

ave raged  15%. Approximately h a l f  the  runof f  from t h e s e  t h r e e  a r e a s  

occur red  d u r i n g  one s t o r m .  A smoothed,  compacted s o i  1 catchment 

is r e t a i n e d  on t h i s  catc:hrnent by  a gravel  l a y e r  r e s u l t i n g  Ernni 

e r o s i o n  o f  t h e  f i n e r  s o i l  f r a c t i o n s .  

unc lea red  a r e a  w i t h  a  1 0 %  s l o p e  has averaged l e s s  than  22 of the  

500 mi average  annua l  r a i n f a l l  s i n c e  i n s t a l l a t i o n  i n  J u l y  1967. 

Debr i s  from g r a s s  k i l l e d  i n  1969 col l e c t e d  on t h e  lower  edges  of 

small b a s i n s  o r  d e p r e s s i o n s  fo l lowing  r a i n s t o r m s  d u r i n g  1970. 

The d e b r i s  c o l l e c t i o n s  showed t h a t  t h e  e n t i r e  a r e a  i s  covered  

w i t h  s m a l l  d e p r e s s i o n s  t h a t  r e t a i n  most o f  t h e  p r e c i p i t a t i o n .  

Creat  i on o f  il wate rproof  s o i l  s u r f a c e  cannot  cause  Ili gh p r c c i p i  tn- 

t i o n  runof f  un less  the  s u r f a c e  is  modif ied  t o  r educe  the  p r e s e n t  

r e  t e n t  ion .  

r a ingage  network showed a random v a r i a t i o n  o f  1.0-20% i n  a r e a l  

d i s t r i b u t i o n  o v e r  t h e  30 h e c t a r e  t e s t  s i t e .  A p r e l i m i n a r y  a n a l y s i s  

o f  runoff  f o r  i n d i v i d u a l  s t o r m  e v e n t s  h a s  been completed f o r  a l l  

four  w a t e r s h e d s .  T o t a l s  f o r  the  p e r i o d  1.3 November 1967 through 

1 4  December 3970 show p r e c i p i t a t i o n  o f  977 t o  1009 nun, and runof f  

from t h e  wa te r sheds  as  f o l l o w s :  1 - 1 . 9 % ,  2 - 11.5%,  3  - l 5 . 1 2 ,  

and f+ - 2.1%. Watersheds 2 and 3 have l i n e d  co.Llection d i t c h e s  s o  

t l l a t  tlhere a r e  only minor channe l  l o s s e s .  During one 30 day p e r i o d ,  

11 December 1967 through 10 January  2968, runof f  from w a t e r s h e d  3  

was 1.14 nun w h i l e  mcasured p r e c i p i t a t i o n  was only 100 nun. ?lost o f  
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t i ~ i s  p r e c i p i t a t i o n  occur red  a s  snow which was no t  a ( - c t ~ r a t e l y  menwure t l .  

I f [ I t  is p e r  iotl is clclctcd from tilt r e c o r d ,  p r c c i p i  t a t  i o n  runof f  f r(mi 

the  wa te r sheds  w a s :  I - 0 . 7 2 ,  2 - 3.4%,, 3 - 4 . 3 " / ,  and 4 - < O . l X .  

Rimoff from wate r sheds  2 and 3 ,  wi th  e s s e n t i a l l y  no channel  l o s s e s ,  
2  

was much l e s s  than  itad been e x p e c t e d .  Runoff From 500 n1 uncl.earecl 

p l o t s  a t  G r a n i t e  Reef w i t h  c o a r s e r  s o i l s ,  f l a t t e r  s l o p e s  and l e s s  

p r e c i p i  t a t i o n  averages  10-20%. 'llle major d i f f e r e n c e  is  l e n g t h  o f  

s l o p e  and s u r f a c e  roughness .  S t u d i e s  a r e  p lanned t o  b e t t e r  d e f i n e  

the  e f f e c t  of  t h e s e  ttdo f a c t o r s  on p r e c i p i t a t i o n  runof f  . 
Nineteen s o i l  s t a b i l i z i n g  m a t e r i a l s  were  examined d u r i n g  1970  

and were c h a r a c t e r i z e d  by r e s i n  typc , p a r t i c l e  s i z e ,  p a r t  i c l  e  d l n r g c ,  

;111d so i l -watc l r  c ~ ) n t ; i c t  a n g l e .  ( i ) r r - i~I ; ik ion w i t l t  f i ~ l d  k t - i : i l s  0 1 1  

smal l p l o t s  of u n d i s t n r b c d ,  n a t u r a l  G r a n i t e  Kec f s o i  l intlic.atct1 tit,it 

p a r t  i c l c  s i z e  must bc l e s s  than  12 microns and slloulci be  l e s s  tilan 

5 microns f o r  adequa te  p e n e t r a t i o n  i n t o  the  s o i l .  Botlt c a t i o n i c  

:ind a n i o n i c  m a t e r i a l s  were  s a t  i s f a c t o r y ,  as  were c o n t a c t  nng lcs  

exccccling 9 2  clcgrees. 'I'en m a t e r i a l s  were a p p l i e d  Lo s n ~ i t l  1 p l o t s  

a t  G r a n i t e  Reef and e r o s i o n  r e s i s t a n c e  was measured by a p p l y i n g  

1 ,000 w a t e r  d r o p s ,  5 mil i n  di amete r ,  fa1 l i n g  fronl a h e i g h t  of 

2 me te r s .  E igh t  of the  m a t e r i a l s  showed no e r o s i o n  a f t c r  5 months 

exposure .  

F r a s i e  r and K .  R. Cooley. 

CLJRIUZNT TElI~IINATION DATE : I)e cembe r 19  70 . 
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Tab l e  1 ,  T rea tments  on paved o r  covered p l o t s  a t  G r a n i t e  Reef .  

P lo t  TrcatmenL Date Trea  tmen t. 

8 Aug 1967 

22 Aug 1967 

30 Nov 194 1 

18 Sep 1962 

16 Mar 1966 

19 Apr 1963 

8 May 1963 

22 Apr 1970 

3 Aug 1967 

22 A u i :  I067 

J a n  1.968 

- L Basecoa t .  MC-250 a t  1 .5  kg a s p h a l t  m 

Topcoat .  RSK a s p h a l t  emuls ion  a t  0 .7  kg 
- 2 

asp1lal.t M 

Top S h e e t i n g .  30-mil. chlorinated b l a ~ l ~  

po lye  thy lcnc  

Rut y l Ihiblwr Shrc.t ink;. 15-mi I 
- 2 s o t  S-  1 at  L .Oh kg aspha l t 111 

Topcoat-. KSK a s p h a l t  emuls ion a t  0.6 kg 
- 2 

a s p h a l t  m 

S e a l c o a t .  Modified SSKH a s p h a l t  emuls ion a t  
- 2 

0 .6  kg  a s p h a l t  m 
- 2 Basecoa t .  RC-special a t  1 .5  kg a s p h a l t  m 

Topcoat South  H a l f .  SS-2 s p e c i a l  a s p h a l t  
- 2 

emuls ion a t  0 .65 kg  a s p h a l t  m 

w i l h  3% butyl .  l a t e x  

Topcoat North H a l f .  S - l  a t  0 .5  kg a s p h a l t  - 2 
m w i t h  3% b u t y l  l a t e x  

Sea lcon t  . Modified SSW a s p h a l  t emuls ion d t  
- 2 

0 . 6  kg a s p h a l t  in 

- 2 T3asecoat. MC-250 a t  1.5 lie nsphal t m 

' 1 ' 0 1 )  Sllc$cl( i 11);. 1 - I I I  i I , I  I L I I I I  i i ~ i i i i i  i o i  i I ~ o i i d ( d  w i t 11 

RSlZ ; ~ s p h a l  t cmn 1 s ion ; i t  0.  7 k): 
-2 

a s p h a l t  n~ 
- 2 

Rasecoa t .  MC-250 a t  1.5 kg a s p h a l t  m 

Top S h e e t i n g .  3 / 4  oz chopped f i b e r g l a s s  

mat t i n g  bonded w i t h  KSK a s p h a l t  
-2  

emuls ion a t  1 . 4  kg a s p h a l t  m 

Top Spray.  Vinyl aluminum c o a t i n g  a t  0.1 
- 2 

g a l  yd 
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] 'able 1. (cor i i i ! t i i cc l )  ' l ' uca t tncn i s  on paved or  covcrcd plots a t  

G r a n  i i c  RccS. 

Plot Treatment Date Treatment 

- 2 
A- 2 3 Aug 1967 Basecoat. MC-250 at 1.5 kg asphalt tn 

12  Sep 1967 Tap Sheeting. Standard rag Iclt-rock 

roofing treatment 
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Table  2 .  R a i n f a l l  and r u n o f f  f o r  paved o r  covered p l o t s  a t  G r a n i t e  Reef. 

Date T o t a l  L- 1 L-4 L-5 L- 6 
R a i n f a l l  Runoff Runoff Runoff Runof f 

1970 mm m X m X mm /= m % 

17 J a n  1.5 

10111 Feb 9.5 

112 Mar 16.8 

213 Mar 22.1 

5 Mar 15.7 

10 Mar 8.5  
'.Jl 
i 
id 1 7 A p r  3.5 
N 

4 J u l  3.3 

18 J u l  1 .8  

2 1  J u l  1.6 

11 Aug 9.9 

5 /6  Sep 63.5 

1 2 S e p  2.5 

30 Nov 1.8 

18 Dec .8 

20 Dec 2.8 

2 1 D e c  3.0 

T o t a l  173.4 170.2  98.2 156.9 90.5 160,O 9L.O 167.7 96.7 

11 S t o r a g e  overf lowed,  runoff  es t inlatcd a t  1007. - 
21 New scalcoats a p p l i e d  22 Apr 1970. - 
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Table  2, ( con t inued)  R a i n f a l l  and runof f  f o r  paved o r  covered p l o t s  a t  G r a n i t e  Reef ,  

Date T o t a l  G 7  A- 1 A- 2 A- 5 
R a i n f a l l  Runoff Runoff Runoff Runoff 

1970 m mm % mm % mm "/, mrn % 

17 J a n  1.5 1 .4  93.3  1.4 93.3 .6 40.0 , 9  60.0 

10/11 Feb 9 .5  7.4 77.9 7.9 83.2 7.0 73.7 6.7 70.5 

1 / 2  Mar 16.8 13.4 79.8 15.7 93.5 12.8 76.2 13.0 77.4 

2/3 Mar 22.1 19.4 87.8 21.5 97.3 19.9 90.0 21.7 98.2 

5 M a r  15.7 13.6 86.6 14.9 94.9 14.4 91.7 16.5 105.1 

10 Mar 8.5 6.6 77.6 8.0 94.1 6.8 80.0 6.6 77.6 
V1 
I 17 Apr 3.5 
i- 
W 4 J u l  3.3 

18 J u l  1 .8  

21 J u l  1.6 

11 Aug 9.9 

5 /6  Sep 63.5 

12 Sep 2.5 

3 Oct 4.8 

30 Nov 1.8 

18 Dec .8 

20 Dec 2.8 , 

2 1 D e c  3.0 

T o t a l  173,4 145.8 84.1  160.0 94.0 134.0 77.3 130.7 75.4  

3 /  Missing d a t a ,  runof f  e s t i m a t e d  a t  50%. - Annual Report of the U.S. Water Conservation Laboratory



G2 30 Nov 1961 Smoothed s o i l ,  

L- 3 4 Aug 1965 Smoothcd s o i  I., 

t r e a t e d  with 

6 Nov 1969 Ret rea ted  wi th  

A- 3 1 Aug 1967 Smoothed s o i l ,  

14.14 m x 14.14 m p l o t  

14.14 m x 14.14 n~ p l o t  
-2 

K-9  a t  0.057 kg rn 

R-9 a t  0.04 kg r n w 2  

6 m i. 30 m p l o t  

W- L 1 Dec 1963 Unc leared  watershed 

W- 2 1 Dec 1963 Uncleared watershed 

W-3 1 Dec 1963 Cleared watershed 

R- 2 1 Mar 1965 Ridge and furrow - 10% s i d e  s lope  

R- 4 13 May 1966 Ridge and furrow - 10% s i d e  s lope  t r e a t e d  
- 2  

with 44.9 g m sodium carbonate  

3 Nov 1970 Treated with 3% s i l i c o n e  water  r e p e l l e n t  

and 2T7 s o i l  s t a b i l i z e r -  1 . 2  L i te rs  o i  
- 2 

so1ut ion  m 
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Table 4. R a i n f a l l  and runoff f o r  bare  s o i l  p l o t s  a t  Grani te  Reef, 

Date Toea1 L-2 L- 3  A- 3 Id- 1 
R a i n f a l l  Runoff Runoff Runoff Runoff 

1970 "/, X 51 C) m m mm mm i: m I 0  

1 7  Jan 

10/11 Feb 

112 Mar 

2/3 Mar 

5 ?far 

L O  Har 

17 Apr 

4 J u l  

18 J u l  

21 J u l  

11 Aug 

5/6 Sep 

12 Sep 

3 Oct 

30 Nov 

18 Dec 

20 Dec 

21 Dec 
-- - - - - . . 

Tota l  173.4 35.8 20,6 127.8 73,7 50.6 2 9 . 2  17.6 10.1 
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Table 4.  (cont inued)  R a i n f a l l  and runoff f o r  ba re  s o i l  p l o t s  a t  Grani te  Reef. 

Date T o t a l  W- 2 W-3 R- 2 R- 4 
R a i n f a l l  Runoff Runoff R ~ n o f  f  Runoff 

1970 mrn rnm 7, mm % mm "!, m % 

17 Jan  1.5 

1 0 / 1 1 F e b  9.5 

1 / 2  Mar 16.8 

213 Mar 22.1 

5 Har 15.7 

10 Mar 8.5 

1 7 A p r  3.5 

4 J u l  3.3 

18 J u l  1.8 

21 S u l  1.6 

11 Aug 9.9 

5/6 Sep 63.5 

12 Sep 2.5 

3 O c t  4.8 

30 Nov 1.8 

18 Dec 0 8  , 

20 Dec 2,8 

21Dec  3,O 

To ta l  173,4 12.0 6 . 9  26.5 15,3 46.9 28.2 44.9 25.9 

I /  Retreated 3 Nov 1970. 
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T A B U  5. Total rainfall and runoff results from the four 

watersheds at the Monument Tank testing site for 

the period 13 November 1967 through 16 December 1970. 
(a) 

Wa tcrshed Total Total 
No. Precipitation Runoff 

(mm) (mfd 

(b) 

Watershed 1 / Total - 1 / Total - 
No. Precipitation Runoff 

(m> (md (%> 

1/ Data of period 11 December 1967 through 10 January 1968 - 
omitted, 
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T a b l e  6. Physical a n a l y s i s  of s o i l s  from Monument Tank 

t e s t i n g  s i t e ,  Grani te  Reef t e s t i n g  s i t e  arid 

Seneca catchment. 

Loca t ion Sand S i 1. t Clay Soi l 
Class  i f  i c a t  ion 

% % % 

Monument Tank Area 1 34  53 13 barn 

Monument Tank Area 2 3 5 36 29 Clay Loam 

Monument Tank Area 3 49 38 13 barn 

Grani te  Reef 5 8 3 5 7 Sandy Loam 

Seneca 5 6 3 3 11 Sandy barn 
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Table 7 .  Descr ip t ion  of s o i l  s t a b i l i z i n g  m a t e r i a l s ,  

Nanufacturer Ma te r i a l  Resin Type P a r t i c l e  P a r t i c l e  Contact 
Designat ion Size Charge Angle 

microns degrees 

1. National  S ta rch  Resyn 2813 Vinyl a c r y l i c  0 ,6-1-8 - 142 

2. Nat ional  S ta rch  Resyn 1251 Vinyl a c r y l i c  0.6-2.5 + 136 

3.  Union Carbide DCA-70 . Polyvinyl  a c e t a t e  0.6-3.7 - 136 

4 .  American Cyanamid Aerospray Unknown 
Binder 52 

5. P h i l l i p s  Pe t rose t  55 Modified SBR 12 + 15 5 

6 .  Dow Chemical Latex 305 SBR 0.8-2.5 - 124 

7. Dow Chemical Latex 460 SBR 0,6-1.8 - 92 

8. Dow Chemical Latex 620 SBR 0.6-1.8 - 126 

9. Dow Chemical Latex 636 SBR 0.8-1.0 - 119 

10. Dow Chemical Latex 880 SBR 1.2-2.5 - 126 

11. Dow Corning 4-3543 Acry l i c - s i l i cone  0.2-5 .O 0 100 

Dow Corning 

Morton Chemical 

Morton Chemica 1 

Hercules 

Hercules 

DuPont 

DuPont 

S o i l  Sea l  

4-0219 

Serfene 400 

Latex MC 561-6 

Dres ina te  1978 

Dres ina te  60W80F 

E lvano 1 7 2-60 

Elvanol 46-22 

S o i l  Sea l  

S i l i c o n e  

Acry 1 i c  

Acry l ic  

Rosin der ived  

Rosin der ived  

Polyvinyl  a lcohol  

Polyvinyl  a l coho l  

Unknown 

0.6-2.5 

0,6-2.5 

0.6-2.5 

2.5-12.5 

2.5-12.5 

Solu t ion  

Solu t ion  

1.0-4.0 
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T a b l e  8 .  Eros ion  r e s i s t a n c e  of s o i l .  s t a b i l i z e r s  a p p l i e d  14 J u l y  1970 

L O  onc s q u a r e  tiwtcr p l o t s  of' u n d i s t u r h c d  n a t u r a l  s o i l  a t  

-t 1 M a t e r i a l  - 
L / Eros ion  - 

3 1  Ju1.y 70 21 Oct 70 

3  / I., 2% 2813 + 3% SMS - None None 

3 . 2% DCA70 + 3  % SMS None None 
4  / 3 .  2% DCA70 + 5% Mobilcer 46 - 5 I 350 drops  - 6  / Nonc - 

7.  2% 460 4- 3% SMS None None 

8 .  27, 620 + 3% SMS None 5 / LO00 drops  - 
9 .  22 636 + 3% SMS None Nonc 

14. 2'1, MC561-6 -I- 3'X SMS None None 

1.6. 2% D r e s i n a t e  %OF + 3X SMS Immediate Immediate 

1 7 ,  2% 72-60 + 3% SMS None None 

18, 2% 46-22 + 3% SMS None None 

NoCes: 11 A p p l i c a t i o n  0.64 l i t e r  f l u i d  per  s q u a r e  y a r d ,  

2/ A f t e r  a p p l i c a t i o n  of 1,000 d rops ,  5 mm diam. f a l l i n g  2 - 
mc t c r s  , 

31 Sodium MeChy l S i l i c o n a t e  wa tc r  r e p e l l e n t  - 
4 /  P a r a f f i n  wax emuls ion - 
51 Eros ion  i n i t i a t e d  a f t e r  i n d i c a t e d  number of d r o p s .  - 
61  No longer  wa te r  r e p e l l e n t .  - 

Annual Report of the U.S. Water Conservation Laboratory



TITLE : I O N  OF SOIL AND CLAY 

'TERTSILS AS RELATED TO THE Ha AND Ca STATUS 

CRZS WO CODE NO.  : Ariz , -WCL-64-6 

he  importance of un 

s o i l  s o l u t i o n  f o r  s tudying  dispersion-flocculation betlav 

c o l l o i d s  has  been expla ined  and demonstrated i n  t h e  preceding 

annual  r e p o r t s  f o r  2965-1969. Three a spec t s  of t he  p r o p e r t i e s  of 

the  chemical c o n s t i t u e n t s  i n  s o l u t i o n  were i n v e s t i g a t e d  an  

under P a r t s  I t o  1x1. I n  P a r t  I t h e  s o l u b i l i t y  behavior  of gyp sun:^, 

which i s  ex tens ive ly  used i n  s o i l  reclamation and management, i s  

rpm t h e  s t andpo in t  of i t s  s o l u b i l i t y  i n  var ious  s a l t s  

m a s c e r t a i n  t h e  i n t e r a c t i o n s  of calcium wi th  o t h e r  an ions .  Also, 

t h e  i n t e r a c t i o n  of sodium wi th  carbonates ,  cont inuing  t h e  work of 

t h e  previous y e a r ,  i s  r epor t ed  i n  P a r t  II and t h a t  of c a l c i u ~ n  w i t h  

i n  P a r t  111. 

GED SOLUBILITY OF GYPSUM 

S o l u b i l i t y  product p r i n c i p l e s  a r e  used ex tens ive ly  t o  d e f i n e  

ion  e q u i l i b r i  i t i o n s  of spa r ing ly  s o l u b l e  calcium s o i l  

mineral  c o n s t i t u e n t s  such a s  gypsum (CaSO 2H20) a t  low sal t  4 
ons (10, 1 7 ) .  owever, a t  inclreasin 

ons (> 0,ZM) - t h a t  a r e  a s soc i a t ed  wi th  s a l i n e  s o i l s  a n  

groundwater, b r i n e  and sea wa te r ,  t h e  s o l u b i l i t y  p r e d i c t  i on  using 

ard eoapu ta t iona l  proce u re s  i s  ranrell.able, P re s  

a i l u r e  is  caused by s e v e r a l  i n t e r r e l a t e d  f a c t o r s  i n c h d l  

i n a p p l i c a b i l i t y  of t h e  extended Deby e-HEckel theory f o r  e s t ima t ing  

t h e  a c t i v i t y  c o e f f i c i e n t s  of t he  ions ,  and t h e  neg lec t ion  of t h e  
24- 2- increased  i n t e r a c t i o n  of Ga and SO4 wi th  o the r  d i sso lved  
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The purpose of t h i s  s tudy  was t o  develop a r e l i a b l e  and 

p r a c t i c a l  method f o r  p r e d i c t i n g  gypsum s o l u b i l i t y  i n  concentrated 

mixed-salt s o l u t i o n s  and inc ludes  the  measurement of gypsum solu-  

y i n  NaC104, N a C l ,  NaNO and NaOAc s o l u t i o n s  and t h e i r  3 ' 
mixtures and t h e  es tab l i shment  of t he  d i s s o c i a t i o n  cons tan t  f o r  

C + 4- 
CaCl , CaI!4O3, and CaOAc and o the r  f o m  as requi red  from t h e  

s o l u b i l i t y  behavior ,  

The s o l u b i l i t y  of a s o l i d  is usua l ly  increased  when a noncomon 

i o n  s a l t  is p re sen t  i n  the s a t u r a t e d  s o l u t i o n .  This  phenomenon is  

explained on the  b a s i s  of t h e  s o l u b i l i t y  product p r i n c i p l e .  S ince  

t h e  a c t i v i t y  c o e f f i c i e n t s  a r e  decreased wi th  inc reas ing  sal t  

concent ra t ion ,  t he  d i s s o l u t i o n  of t he  s o l i d  must i n c r e a s e  i n  o rde r  

t o  maintain an unvarying i o n - a c t i v i t y  s o l u b i l i t y  product cons tan t .  

I f  t h e r e  is an  i n t e r a c t i o n  between t h e  supposedly "neut ra l"  e lec t ro l -y te  

and the  d i s so lved  s o l i d  t o  g ive  a s soc i a t ed  o r  complex forms, 

an  inc rease  i n  s o l i d  s o l u b i l i t y  over  and above any i o n i c  s t r e n g t h  

e f f e c t  occurs .  

This s o l u b i l i t y  enhancement of s o l i d s  i n  "neu t r a l "  e l e c t r o l y t e s  

can be advantageously adapted t o  e s t ima te  t he  a s s o c i a t i v e  p r o p e r t i e s  

of t h e  c a t i o n  o r  an ion  of t he  s o l i d  spec i e s  w i t h  t h e  added anion 
2- o r  ca t ion .  Thus, t h e  a s s o c i a t i o n  of Ca2' w i t h  SO t o  form C ~ S O '  4 4 

was determined from t h e  s o l u b i l i t y  i nc rease  of Ca( l0  ) i n  s u l f a t e  
3 2 

s o l u t i o n  ( 3 ) .  Gypsum d i s so lves  d i f f e r e n t l y  i n  d i f f e r e n t  Ha-sal ts  

a t  t h e  same s a l r  concen t r a t ion  (15 ) ,  and t h i s  behavior  can  b e  

used f o r  measuring t h e  i n  e r a c r i o n  of C a  wi th  a v a r i e t y  of anions 

and a l s o  f o r  expla in ing  one aspec t  of s o l u b i l i t y  enhancement. 

D i s soc i a t ion  Constant Determination.-The apparent  d i s s o c i a  

cons tan t  o e determined by s tudying 

CaSO .21120 i n  NaCl, NaNO and NaOAc s o l u t i o n s ,  r e spec t ive ly .  4 3" 
The mass and charge ba lance  r e l a t i o n s h i p s  using t h e  NaNO system as 

3 
a n  example are as f o k l m ~ s :  
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+ C 
2 [Ca2+] + [Na ] + [CaN03]? = 2 [SO:-] + [ N ~ s o ~ ]  i- [NO;], [41 

where t h e  s u b s c r i p t  T i s  t h e  t o t a l  concent ra t ion  of t he  p a r t i c u l a r  
i- 

element. The presence of t h e  CaNO and p a r t i c u l a r l y  N ~ N O O  a s  3 3 
i nd i ca t ed  by t h e  ques t ion  mark has  n o t  been c l e a r l y  e s t a b l i s h e d  

be fo re  and w i l l  b e  discussed f u r t h e r  wi th  t h e  experimental ly  

determined gypsum s o l u b i l i t y  i n  t h e  d i f f e r e n t  Ha-salts, 

For &he NaCl or t h e  NaOAc s o l u t i o n s ,  appropr iaze  s u b s t i t u t i o n s  
+ 

f o r  t h e i r  r e spec t ive  complex C a C l  , c ~ o A ~ ' ,  Na0~cO a r e  made i n  

equat ions [l] through [ 4 ] .  Associa t ion  of ca2' wi th  NO; and OAC- 

has  been r epor t ed  previous ly  ( 5 ,  21, 12), b u t  e i t h e r  a t  temperatures 

o the r  than 25 C ,  o r  a t  d i f f e r e n t  i o n i c  s t r e n g t h s .  The a s soc i a t ed  

forms C ~ S O O  and N&O- a r e  w e l l  documented by s e v e r a l  independent 4 4 
measurements ( 16, 

Sub t r ac t ing  equat ions  [ l ]  and [2]  and adding 2 times equat ion  

[3 ]  t o  equat ion  [ 4 ]  whi l e  assuming N ~ N o O  = 0 y i e l d s  a r e l a t i o n  
3- 

3 
which is  devoid of [Call0 ] as 3 

i- 
bur which Is usab le  f o r  e s t ima t ing  [CafJO 1. 3 

Equations [2J  and [5]  can b e  modified t o  i nc lude  only the  

s u l f a t e  c o n s t i t u e n t  by in t roducing  t h e  d i s s o c i a t i o n  cons t an t s  

for  N~SO;( aS04 - and c ~ s o ~ ( K + , ~ ~ ~ ; )  and t h e  s o l u b i l i t y  product 

cons tan t  f o r  gyps- (K ) :  
-sP 
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The b racke t s ,  1 ,  r ep re sen t  t h e  concent ra t ion  and t h e  

r ep re sen t s  t h e  a c t i v i t y  c o e f f i c i e n t  . 
Using t h e  d e f i n i t i o n  of %as04 i n  equat ion  [ 2 ]  g ives  

C 
f o r  which t h e  [Na ] c o n s t i t u e n t  can b e  s u b s t i t u t e d  i n t o  equat ion  

[51. 

The concen t r a t ion  of C ~ S O O  can be  computed as 
4 

0 
icaso41 = K /(Saso; YCaso 

-P 
1 [ 7 1  

4 

and s u b s t i t u & e d  i n t o  equat ion  [ 5 ]  r e s u l t i n g  i n  equat ion [81 which 

is then s o l  

2[NalT/(1 + 

+ 2[Ca 

a b l e  i n  terms of t he  s i n g l e  c o n s t i t u e n t   SO^-] a s  4 

' s o 2 - 1 y ~ a y ~ ~ 4 / ( % a ~ ~ i  ' N ~ S O ~  > > 

Note t h a t  i n  both equat ions  [ 7 ]  and [ B ] ,  t h e  a c t i v i t y  c o e f f i c i e n t  
0 

of t he  uncharged CaS04 spec i e s  is  not  assumed t o  be  1 a s  i s  

y done f o r  d i l u t e  s o l u t i o n s ,  and i n s t e a d ,  
' C ~ S O ~  w i l l  b e  

developed i n  t h i s  s tudy  as a func t ion  of i o n i c  s t r e n g t h .  

The fol lowing Dsrviea r e l a t i o n  (7 )  w a s  used f o r  es t imat ing  the  

a c t i v i t y  c o e f f i c i e n t s  of the i o n i c  spec i e s  : 
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where z = valence of species  1, A = Debye constant ,  and p = ion ic  
i 

2- 
The so lu t ion  f o r  [SO 1 i n  equation [8 ]  thus requires  a knowled 4 

of (a) the q u a n t i t i e s  [HalT, [CaIT, and [NO ] which a r e  obtainable 3 T 
Prom s o l u b i l i t y  measurements of CaSO 2H 0 i n  known concentrations o 4 "  2 
the  Ha-salt so lu t ion ,  (b)  the  constants  K o which s p 3  Y V ~ S O - 3  and &aso4 
a r e  ava i l ab le  i n  t h e  l i t e r a t u r e ,  and (c) t h e  ac t iv$ ty  coef f i c ien t s  

of the  i o n i c  species  which a r e  computable from i o n i c  s t r eng th  
2-4- + 

dependent functions.  Af ter  [so2-] is  obtained, [Ca ] , [CaN03] , 4 
and [NO,], which make up p a r t  of the  f a c t o r s  i n  the  d issocia t ion 

J i- 
constant of [CaNO 3 1 a s  +%NO3 K + =  [ c ~ ~ + ~ [ N o ; ] Y ~ ~ Y ~ ~ ~  

4 
and [Ma 3 and [HaSo-] can b e  obtained with proper manipulation 

4 
the  constants  and m a s s  balance equations. 

Gypsum Solubf l i t y  Predic t ion.  -If the d i s soc ia t ion  constants  

f o r  the  various Ca-comglexes a r e  known, then the s o l u b i l i t y  of 

CaSO e2H20 i n  mixed Na-salts so lut ions  such as  NaClO NaCl-NaNOg-NaOAc 
4 4- 

can be  computed, The necessary mass and charge balance r e l a t i o n s  

a r e  

lC1] total = [cacl+]? + [c l - ]  

i- 
"3 t o t a l  03]? + [NO;] + [ N ~ N O ~ ] ?  

4- 
t o t a l  = ECaOAc I ?  + [QAC-] -O- [ N ~ o A ~ O ] ?  

+ 
'Nal t o t a l  

= [N~SO;] + [Na ] + [NaNO;]? + [ N ~ o A ~ O ] ?  1 13 1 
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Equations [ l o ]  t o  [ l 4 ]  a r e  a s e t  of f i v e  equat ions  wi th  f i v e  
4- 

unknowns; namely, [cl-1,  [NO-], [OAC-1, [Na 1 ,  and [SO:-]. Note thar  
24- 9 

[Ca ] can b e  r e l a t e d  t o  [SO;] through t h e  s o l u b i l i t y  product 

cons tan t .  These equat ions  can b e  so lved  i n  a manner similar t o  

t h e  preceding sets f o r  determining the  d i s s o c i a t i o n  cons tan ts  o r  by 

the  Nmton-Raphson method involv ing  nonl inear  s imultaneo 

( $ 4 )  

The s o l u t i o n  t o  t he  s imultaneous equat ions  then  g ives  t h e  C a  

e o n s t i t u e n t s  which, when combined, gives t h e  s o l u b i l i t y  of gyps 

mixed sa l t  s o l u t i o n s  as 

24- -i- 3- 
t o t a l  = [Ca ] + [ C a C l  J ?  + [CaNO31? 4- [c~oAc+]?  + [c~so:] [15] 

ount of CaSO .2H 0 d isso lved  i n  a range of concent ra t ions  4  2 
(2 .5  x l om2 t o  1 - M) of NaC104, N a C 1 ,  NaN03,  and NaOAc s o l u t i o n s  and 

mixtures of t hese  Na-salts was determjlned at 25 + 0.5  C w i th  t h e  - 
ve r sena te  complexometric t i t r a t i o n  technique. Sa tu ra t ed  s o l u t i o n s  

were e q u i l i b r a t e d  f o r  a t  least one week with occas iona l  shaking.  The 

pH of t h e  s o l u t i o n s  conta in ing  NaOAc w a s  a l s o  measured. Duplicate  

ts were made f o r  each of t h e  s o l u t i o n  combinations. 

D DISCUSSION : 

Single-Sa l t  So lu t ions  

The s o l u b i l i t y  of CaSO 2H20 i n  t h e  d i f f e r e n t  Na-salts a t  t h e  
4 ' 

var ious  concent ra t ions  is l i s t e d  f n  Table 1. Gypsum s o l u b i l i t y  

increased  wi th  inc reas ing  e l e c t r o l y t e  concen t r a t ion  i n  a s o l u t i o n  

wi th  uncomon i o n s  up t o  1 g as has  been noted by many o t h e r  

i n v e s t i g a t o r s  (15) .  Among t h e  Na-salts f o r  t he  same concent ra t ions  

the s o l u b i l i t y  r e l a t i o n  f o r  CaSO 2H 0 was NaOAc > NaNO > N a C l  > 
4' 2 3 
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NaC104. The a s s o c i a t i o n  of 6a2' w i th  OAC- and NO- t o  form CaOAc 
"r 

4- 
3 

and CaNO has been e s t a b l i s h e d  be fo re ,  and t h e  d i s s o c i a t i o n  cons tan ts  3 
+ = 0.0575 (11) and I$,aO; = 0.526 (12) could exp la in  t h e  

Of  % ~ O A C  
s o l u b i l i t y  o rde r  of gypsum i n  NaOAc and NaNO s o l u t i o n s ,  I f  t h e  3 
explana t ion  on t h e  o r d e r  of gypsum s o l u b i l i t y  i n  the  d i f f e r e n t  Na- 

salts is  based on t h i s  kind of reasoning,  then  we must look f o r  t he  

~aCl', s i n c e  t h e  s o l u b i l i t y  r e l a t i o n  is NaC1  N a C l O  The 
4- 4 "  

form CaClO need n o t  b e  p re sen t  i n  t he  argument. Pn r e spec t  t o  t he  4 4- 
e x i s t e n c e  of t h e  C a C l  spec i e s  r e p o r t s  range from no complex (15) 

t o  t h e  p r o b a b i l i t y  of a very weak complex (8 ,  p. 560-56l), t o  a  
C 

ubl i shed  experimental  evidence 0% CaCl wi th  a K 
--z;a~~'  

0.21 (6) .  The va lues  of &(CaNOC = 0.526 and &aCl+ = 0.21, howe 

a r e  i n c o n s i s t e n t  wi th  t h e  s o l u 2 i l i t i e s  of gypsum i n  NaNO and 3 
NaCl s o l u t f o n s  observed i n  t h i s  experiment, 

+ 
No CaGlO form has been repor ted  (16, p. 317-3l9), and even i f  4 

t h e  ca2' t o  ~ 1 0 -  a s s o c i a t i o n  would undoubtedly b e  ve  4 
weak based on t h e  inab i l i t y  of t h e  s t rong ly  complex-f orming t r a n s i t  i on  

meta ls  t o  £0 CXO complexes of any s ign i f i cance .  Thus, i n  t h i s  
i- 

4 
CaClO was a s s w e d  t o  be  p re sen t .  4  

a l  Ca i n  s o l u t i o n  from the  d i s s o l u t i o n  of CaS 

NaC10 s o l u t i o n s  was p red ic t ed  assumin the  presence of N 
24- o 4- 

C a  , CaS04, and ~ 1 0 4 ,  b u t  no CaClO i n  s o l u t i o n .  Computational 
4  

r e s u l t s  a r e  l i s te  i n  Table 1, column 7. The constant8 and 

supplemental r e l a t i o n s  used were K = 2.45 x lom5 ( l o ) ,  &aSO- = 
-s P 

) , = 4.90 x (3)  , t h e  Davies equat ion  
4 

equat ion 191, and YCaSO = 1, The computed [ C a I T  compared w e l l  w i t h  
4 

e experimental  va lues  (column 2) based on t h e  assumptions s t a  

prev ious ly .  Fur ther  improvement i n  t h e  p r e d i c t i o n  w a s  ma 
0 empir ica l ly  c o r r e c t i n g  the  a c t i v i t y  c o e f f i c i e n t  of CaSO This 
4"  

s t e p  was made i n  a n t i c i p a t i o n  of c a l c u l a t i n g  t h e  d i s s o c i a t i o n  
4- 4- 

cons tan ts  of CaOAc , C~NO:, and CaCl which requi red  t h e  use of 

The der ived  r e l a t i o n s h i p  between Y CaS04 and i o n i c  s t r e n g t h  
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The computed gypsum s o l u b i l i t y  based on t h i s  equat ion  [16] i m t e a  

of using YCaSO = 1 is t abu la t ed  i n  column 8, Table 1. This  form 

can b e  s i m p l i f t e d  i n t o  the  r e l a t i o n  of l og  Y CaS04 
5.964 p f o r  i o n i c  s t r e n g t h s  less than 0.16, and when the kine of 

b e s t  f S t  was forced  through t h e  log Y t o  i n t e r c e p t ,  t h e  equat ion 

was f u r t h e r  s i m p l i f i e d  t o  log  YCaSO = 0 . 9 0  p. This  f o r  

t h e  r e l a t i o n  log  Y = kp repor ted  fo$ uncharged molecules 

The a c t i v i t y  c o e f f i c i e n t s  f o r  CaSO computed from equat ion [ 6 j  4 
were equal. t o  1 o r  l a r g e r  i n  the  0 t o  1 , l g  i o n i c  s e reng th  range. 

e  w a s  t r u e  f o r  t h e  l i n e a r  equat ions a t  t h e  lower i o  

l i c a t i o n  of equat ion  [16] has  not  been t e s  

e x t r a p o l a t i o n  should b e  avoided beyond t h i s  i o n  

) ,  on t h e  o t h e r  hand, developed t h e  r e l a t i o n  

lob: C ~ S Q  
2 / ( 1  + 1.36 ul/  ) which gave yC 

sma l l e r .   hey did  no t  i nc lude  t h e  N ~ S O ~ ,  ~ a ~ l ' ,  and C 

i n  t h e i r  systems from which t h e  func t ion  of l og  Y was 
CaS04 

developed. 
-I- + 

The apparent  d i s s o c i a t i o n  cons t an t s  f o r  C a C l  CaN03, and 
4" 

c a r e  presented i n  Table 2.  These cons tan ts  were compute 

so2ubiPi ty  i n  N a C l ,  NaNO and MaOAc (Table 1 )  u s i  3 
2.1 through [9]  developed i n  t he  theory s e c t i o n ,  a ldng 

w i t h  t h e  yeaso r e l a t i o n  of equat ion  [I61 determined exnpir 

u b i l i t y  behavior  i n  N a C l O  s o l u t i o n s .  
C 0 

c s o l u t i o n s ,  t h e  a s soc i a t ed  N a  forms N&03 an 

Lively,  were a l s o  considered and t h e i r  s i  

p s w  i n  ndxe 
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Double-Salt So lu t ion  

The measured and computed gypsum s o l u b i l i t y  i n  double Na-salt 

systems a r e  compared i n  Table 3,  S o l u b i l i t y  of CaS04.2H20 i n  t h e  

MaClO -MaCl  s o l u t i o n s  could be predic ted  f a i r l y  w e l l  us ing  &Cacl+ = 4 
0,252 and no a d d i t i o n a l  change was considered t o  a d j u s t  t h e  

computed t o  the  experimental  va lues .  Any i n t e r a c t i o n  between 
-I- 

Na and t h e  anion of t he  Ma-salt s h o d  become more apparent  u 

a l t .  This ap  

d NaOAc mixtures .  When N 

a s s o c i a t i o n s  were accounted f o r ,  t he  agreement between t h e  computed 

and experimental  s o l u b i l i t y  va lues  was improved, p a r t i c u l a r l y  a t  

t h e  h igher  salt concen r a t i o n s .  Also, t he  apparent  R + and 
-CaNO3 

f values  become less Na-concentration dependent when NaNoO 3 
and N ~ O A C ~  were incorpora ted  i n t o  the  model (Table 2) .  

Mult iple-Sal t  So lu t ions  

sun s o l u b i l i t y  w a s  measured i n  more complicated systems 

e r  t o  test t h e  a p p l i c a b i l i t y  of e technique f o r  p r e d i c t i n g  

s o l u b i l i t y  i n  Na-salt  mixtures  (Table 4) . For t h e  NaC1-ES - 
d the  NaCLO4-MaCl-NaE30 NaOAc mixtures ,  s o l u b i l i t i e s  could b e  3- 

pred ic t ed  f a i r l y  accu ra t e ly  a t  t h e  h igh  s a l t  concent ra t ions  when t h e  

a d d i t i o n a l  Ma- t o  -NO and Na- t o  -0Ac a s s o c i a t i o n s  were taken i n t o  3 
account ,  The p red ic t ed  va lues  were cone i s t en t ly  g r e a t e r  than t h e  

lmenta l  va lues  i n  the orde r  of 1 t o  4%, w i th  t h e  Par 

v a r i a t i o n  occurr ing  a t  t h e  most concentrated Na-salt mixture.  Fo 

most ca ses ,  t he  d i f f e r e n c e  was i n  t he  range of t he  experimental  e r r o r  

of Z t o  2% and, consequent ly,  no f u r t h e r  a t tempt  was m a  

improve the  p r e d i c t i o n ,  

The d isso lved  c o n s t i t u e n t s  of one concent ra t ion  of gypsum i n  

N a C l Q  MaC1-NaNO -NaOAc mixture is  presented i n  Table 5 t o  show t h e  
4- 3 

magnitude i n  t h e  concent ra t ion  of each of t he  s p e c i e s ,  

h igh  amounts of ~ 1 - ,  NO;, and OAC-, t he  concent ra t ion  of t h e  
+ 4- 

CaCL and CaNO f o m s  were approximately equal  t o  t h e  ion-pair  3 
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0 Jr 0 CaS04, whereas t h e  CaOAc was s i g n i f i c a n t l y  l a r g e r  than CaSO 4" 
The i o n i c  ca2+ made up about 50% of the  t o t a l  Ca i n  s o l u t i o n .  I n  

n a t u r a l l y  occurr ing  s o l u t i o n s  such a s  seawater  and b r i n e  which 
3. 

have l a r g e  concent ra t ions  of C l - ,  t h e  form CaCl could poss ib ly  be  

an important c o n s t i t u e n t  i n  s o l u t i o n .  

The d i s s o c i a t i o n  cons tan ts  developed h e r e  of K 9 = 0.252, 
--CaCl 

K + = 0 . 1 6 7 ,  + - 0.0667 a t  25 C compared wi th  t h a t  --CaN03 
of qaC1+ = 0.21 at  a n  unspec i f ied  temperature ( 6 ) ,  K + = 0,52 

+aNO 
a t  18 C (12 ) ,  and SaOAc 4- - 0.17 ( 5 ) ,  qaOAc + - 0.075 (I), an  

% a 0 ~ c  
+ = 0.056 (11) a t  25 C .  The agreement was q u i t e  s a t i s f a c t o r y  

cons ider ing  t h e  d i f f e r ences  i n  t h e  techniques and assumptions 

made i n  determining these  cons tan ts .  The d i s s o c i a t i o n  cons tan t  f o r  
0 

NaN03 of saN# = 3.0 compared favorably wi th  values ranging from 
3 2.0 t o  3.2 obta ined  by Robinson (13) , and t h e  SaoAco = 1 .5  was t h e  

same as t h a t  of Archer and Monk (I) determined wi th  e l e c t r o m e t r i c  

pH measurements. 

Some non-themodynamic assusnptiom were requi red  i n  develo 

u a l  model f o r  p r e d i c t i n g  C 0 ,2H20 s o l u b i l i t y  i n  nixed 4 
i g h  concent ra t ions  and consequently c r i t i c i s m  

can b e  j u s t i f  i nb ly  r a i s e d .  A l l  a t tempts  were made s o  t h a t  any 

empiricism invoked i n  t h i s  s tudy  would b e  c o n s i s t e n t  w i th  e x i s t i n g  

conceptions of s o l u t i o n  chemistry and a l s o  w i t h  t h e  experimental  

a t i o n s .  The b a s i c  assumptions were (a) t h e  a p p l i c a b i l i t y  of 

t h e  Davies equat ion  f o r  i o n i c  a c t i v i t y  c o e f f i c i e n t  up t o  1 - M, (b) 

t he  complete d i s s o c i a t i o n  of NaC104 and N a C l  i n  s o l u t i o n ,  and ( c )  
4- -1- 

t he  absence of C a C l O  s p e c i e s .  Associated spec i e s  such as CaEl , 
4- 4- 0 

4 
0 

CaN03, CaOAc , NtaN03, and NaOAc were considered p re sen t  when t h e  

usua l  methods were n o t  s u i t a b l e  f o r  p r e d i c t i n g  gypsum s o l u b i l i t y  

xed Ma-salt ~ o l u  ion8 . The s peci  N ~ S O -  and C ~ S O '  wer 4 4 
assumed t o  be p re sen t .  Conceivab~y,  an  a l t e r n a t e  approach could 

be taken whereby c o r r e c t i o n s  t o  t h e  Deby e-HBckel extended 

can be made to account f o r  a d d i t i o n a l  i o n i c  i n t e r a c t i o n s .  However, 
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t h i s  approach a l s o  requi res  an empirical  treatment. The treatment 

presented here  can be  e a s i l y  v isual ized  conceptually and a t  t h e  

same time e a s i l y  adapted t o  p r a c t i c a l  s i t u a t i o n s .  

Undoubtedly, arguments w i l l  be  r a i sed ,  f o r  example, regarding 
4- 

the  exis tence  of CaCl spec ies ,  and quest ions r a i sed  as  t o  whether 

t h i s  form Is an a r t i f a c t  r e s u l t i n g  from the  assumptions made i n  

computing f o r  the  d i s soc ia t ion  constants .  I n  the  pas t  CaCIZ has 

been assumed t o  be completely d issocia ted  a t  concentrat ions even 

as  high as  6 - M ( 2 ) ,  and s i n g l e  i o n i c  a c t i v i t i e s  f o r  ca2' and ~ 1 -  

have been computed on b a s i s  of t h e  hydrat ion theory. The s o l u b i l i t y  

measurements of t h e  present  study make i t  d i f f i c u l t  t o  explain f u l l y  

the  s o l u b i l i t y  behavior i n  the d i f f e r e n t  Na-salt so lu t ions  without 

invoking assoc ia t ion  between ca2' and ~ 1 '  t h a t  p a r a l l e l s  the  

i n t e r a c t i o n  of ca2' with NO- and OAC- anions. Bu t l e r  (4) assigned 3 
a K + of 10 i n  h i s  measurement of t h e  standard p o t e n t i a l  of the  -Sac  1 
Ca-electrode i n  CaCl so lu t ions .  Even with t h i s  value of 10 v s  . 

4" 
2 

0.25, the  CaCl form should become increas ingly  evident  a t  the  

high CaC12 concentrat ions.  

SU 

The s o l u b i l i t y  behavior of gypsum (CaSO 2H 0) was inves t iga ted  4' 2 
i n  s i n g l e  and mixed Na-salt so lu t ions  f o r  developing a method f o r  

predic t ing  i t s  s o l u b i l i t y  a t  high s a l t  concentrat ions.  The 

s o l u b i l i t y  of gypsum increased with Na-salt concentrat ion up t o  

1 - M. and was i n  the  order  NaOAc > NaNO > NaCl > NaClO This 3 4' +- -4- 
behavior was explained on b a s i s  of t h e  formation of CaOAc , CaNO,, 

4" J 

and CaCl . Dissocia t ion  constants  of K --CaOAc + = 0.0667, = 

0.167, and qaC1+ = 0 -2.52 were determined f o r  the  Ca-anion in2eraceions.  

Associated forms NaNOo and Na0i4c0 were a l s o  considered i n  so lu t ions  
3 

a t  high concentrat ions,  and constants  o S a N O o  = 3'0 and %a0~cO '- 
1 .5  were obtained f o r  these  spec ies .  The s o l u i i l i t y  behavior of 

g,ypsum i n  MaClO so lu t ions  and the  Davies r e l a t i o n  f o r  i o n  
4 

a c t i v i t y  c o e f f i c i e n t  were used t o  est imate an empirical  funct ion  
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0 
f o r  t h e  a c t i v i t y  c o e f f i c i e n t  of the  n e u t r a l  CaSO which was 

2 3 4 
l o g  Y = 1.012 - 1.193 p + 0.289 p . 

CaS04 
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Table 1--Solubi l i ty  o f  gypsun (CaSO .2H20) i n  MaC104, MaCl ,  NaP\I03 4 
and NaOAc s o l u t i o n s  a t  25 C and predic ted  s o l u b i l i t y  i n  

NaC104 s o l u f  i o n  
n 

S a l t  M x l o L  t o t a l 9  - 

0.075 1.998 2.096 2.161 2,246 7.472 2.13 2.02 

0.100 2.120 2.215 2,264 2.449 7.574 2.27 2.13 

0,200 2.469 2.705 2.804 3.037 7.818 2.66 2.48 

0.300 - 3.007 3.124 - - - - 
0.400 2.900 3.332 3.476 4.067 8.021 3.11 2.90 

0.500 3.031 3.544 - - - 3.24 3.03 

0.600 3.165 3.822 4.014 4.904 8.243 3.34 3.13 

0,700 3.281 4.029 - - - 3.40 3.22. 

0.800 3.279 4.174 4.480 5.673 8,259 3.44 3,28 

1.00 3.381 4.503 4.845 6.378 8.330 3.47 3.40 

a/ Neasured gypsum s o l u b i l i t y  - 
b/ Pred ic t ed  s o l u b i l i t y  based on YCaSO - = I 

4 
c/ ' Pred ic t ed  s o l u b i l i t y  based on log YCaSO4 

2 
= 1.012 p - 1.193 j~ 4- 0,289 p 3 

- 
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+ + 
Table  2--Apparent d i s s o c i a t i o n  cons tan ts  f o r  CaCl , CaN03, and CaOAc 

+ 
a t  25 C 

S a l t  Apparent &aX+ x 10 

$1 4- b / -d d l  
caclJr GaHO CaN03 CaOAc CaOAc 

4- 
Conc., M 

0.025 0,88* 0.79* 0.78* 0.595* 0.592* 

*I  Values no t  used i n  computing means - 
a/ Assuming no N - 
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Table 3--Gonzparison 0 4  experimental and computed gypsurn soEtdbiliIry in two-salt mixtures 

a / Total- 
s a l t  

~ x p t .  Calc. ~xpt. Ca-3-c.- b /  ~ a l c . -  C/  ~ x p t .  ~ a l c . -  d/ ~ a l c . - -  e/ 

a/ Solution composed of aquimolan concentrat ion of i x o  Ma-salts - 
0 + = 0.184, and assuming no M W  b/ -%do3 3 

- %~c~No, -F = 0.167, s a N O o  = 3 - 0  
3 

- d/ %?OAC + = 0,0778, and assuming no N ~ U A ~ O  

- + = 0.0667, S m c o  = 1.5 
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Table 4--Comparison of experimental and compueed gypsum s o l u b i l i t y  

i n  three- and four-sa l t  mixtures 

Tota l  

s a l t  N ~ c ~ - N ~ N o ~ - N ~ o A ~ ? '  NaC104-NaC1-NaN03-NaOAc- a /  

Conc., -113 ~ x p t .  CaLc,- b/ ~ a 1 c . -  ~ x p t .  ~ a 1 c . b ~  ~ a l c . -  C /  

Solut ion composed of equimolar concentrat ion of the  Na-salts 

K + = 0 . 2 5 2 , K  f=0.184,K+,aOAc 
-CaClo -CaHOg 

f - 0.0778, no ~aN0; and 

NaOAc 
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Table 5--Dissolved c o n s t i t u e n t s  i n  a gypsum, Na-salt mixture 

f o r  NaC104 = H s C l  = N a N 0 3  = NaOAc = 1.25 x 10-I - M 

= 3 . 7 7  x 1oW2 M -2 
t o t a l  - [SO:-] = 2.22 10 g 
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DLSSOCUTION OF 

J 

The presence of t h e  associa ted  forms such a s  N ~ H C O ~  and N ~ C O ;  
3  

i n  Ha-carbonate so lu t ions  has been demonstrated (Annual Report 1969), 

and t h e i r  d i s s o c i a t i o n  constants  have been reported (8) .  Subse- 

quently the  thermodynamic p roper t i e s  AH, BF, - and hg f o r  lrhe 

d i s soc ia t ion  of N ~ H C O ~  and N~CO; ,  together  wi th  H2C03 and HCO- 3 ' 
have been obtained . 

The Hamed-type electromotive c e l l  system (5) f o r  est imating 

the  d i s soc ia t ion  constanr 

d i s soc ia t ion  constants  of 

-0- log 
Y-r-zycl 

and. 

of the  f i r s t  (I&) and second (s) 
carbonic ac id  a r e  a s  follows: 

Zr log .f c1-I 
+ log Yco2%02 wco; I 

( E  - - - E O ) ~  [HCO;] ( ~ 1 - ]  
-log R = - 2 . 3 0 3 g  

-4- log f log  
Yco3 

where C = emf of the  c e l l ,  Ec = (-RT/22) In  Q , 3 = standard 

reference e lec t rode  p o t e n t i a l ,  & = gas constang, - T = Kelvin tempera- 

t u r e ,  = Faraday , - S = Henry's law conseant f o r  CO s o l u b i l i t y ,  2  
P = p a r t i a l  pressure  'of gas, y = a c t i v i t y  coe f f i c i en t .  - 

I f  the  spec ies  N~HCO; and N ~ C O -  a r e  present  i n  the  carbonate 3 
so lu t ions  from which the  emf's a r e  taken, the  r a t i o s  [el-]/[Hco;] 

and [HCO;] [e l - ]  / [GO:-] need not  necessar i ly  b e  t h e  carbonate 

s to ichiometr ic  concentrat ion r a t i o s .  TWO separa te  independent 

inves t iga t ions  ( 2 ,  3) have indica ted  the  presence of Na-carbonate 

f o r m  such a s  N ~ c o " "  and N COO Harned and co-workers (4 ,  6 )  
3  3  ' 
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assumed no complex o r  ion-pair  formation i n  t he  u s e  of t hese  

equar ior~s  s i n c e  t h e r e  was no reason t o  sume i t  a t  t h a t  time. 

I n  a c t u a l i t y  t h i s  w a s  avoided by e x t r a p o l a t i n g  t o  zero i o n i c  

s t r e n g t h  t o  g e t  t he  thermodynamic d i s s o c i a t i o n  cons tan ts ,  K and -lA 
K --a " 

Applying an a l t e r n a t i v e  computational approach (8) which 
0 

made provis ions  f o r  t h e  presence of NaWO and N ~ C O -  t o  t h e  same 3 3 
s e t  of da t a  of Rarned and co-workers (4 ,  6) at 25 C ,  t h e  d i s soc i a -  

t i o n  cons t an t s  of N & C O ~  and N ~ C O -  and a l s o  H2C03 and HCO- could 3 3 ' 3 
b e  es t imated  s imultaneously.  An important f e a t u r e  of t h i s  

technique i s  t h a t  t h e  computed R and XZA values  a r e  independent 
-lA 

of sodium and carbonate  concent ra t ion  o r  i o n i c  s t r e n g t h ,  and, 

consequently removes an element of unce r t a in ty  a s s o c i a t e d  wi th  

ex t r apo la t ing  t o  zero  i o n i c  s t r e n g t h .  This procedure r equ i r e s  

extra-themodynamic ass p t i o n s  regard ing  t h e  a p p l i c a b i l i t y  of cke 

Debye-Htickel r e l a t i o n  f o r  e s t ima t ing  i o n i c  a c t i v i t y  c o e f f i c i e n t s ,  

However, any e r r o r  a s soc i a t ed  with t h i s  was minimized by using low 

i o n i c  s t r e n g t h  so lu t ion&.  

The c l a s s i c a l  experimental  da t a  of Earned and Davis (4 )  and 

Harned and Scholes (6)  were used f o r  computing t h e  va r ious  cons tan ts .  

Temperature-salt  concen t r a t ion  r e l a t e d  va lues  over  t h e  range of 

0 t o  50 C f o r  the  s o l u b i l i t y  of GO2 i n  e l e c t r o l y t e  s o l u t i o n s  were 

recomputed from the  d a t a  of Harned and Davis ( 4 ) ;  t h e  temperature 

dependence of t h e  i o n  a c t i v i t y  product of water  and t h e  p o t e n t i a l  

of t h e  Ag:AgCl r e fe rence  e l e c t r o d e  were obtained from Barned and 

Owen (5)  and Bates  ( I ) ,  r e spec t ive ly ;  t h e  Debye c o e f f i c i e n t s  and 

cons tan ts  used i n  t h e  extended Debye-Htickel equat ion f o r  t h e  i o n i c  

a c t i v i t y  c o e f f i c i e n t  tabula ted  by Kie l land  (7)  were used. 

The log  - K ' s  a s  func t ions  of temperature were f i t t e d  by l e a s t -  
A 

squares  technique t o  an equat ion  of t h e  form log - K = - + B + CT; 
T 

a d d i t i o n a l  func t ions  were der ived  from t h e  r e l a t i o n s  OF = -2.3038'1' - -- 
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2 
l og  g,  ~g/2.303KY - = d( log  &)/dT-, and AS - = (A2 - AE)/T - us ing  rhc 

preceding log  & r e l a t i o n .  

RESULTS AFJD DISCUSSION: 

The computed d i s s o c i a t i o n  cons t an t s  and a t t endan t  thermo- 
0 

dynamic p r o p e r t i e s  as a func t ion  of temperature f o r  Na l lC03 ,  i i lC 

N ~ C O -  and HCO- a r e  presented i n  Tables 1 t o  4 ,  Within each t 
3 ' 3 

t h e  va lues  computed from t h e  experimental o b s e r v a ~ i o n s  an 

der ived  from t h e  leas t - squares  equat ion a r e  compared s i d e  by s i d e ,  

The derived va lues  f o r  & CO (Table 2) and SCO- (Table 4) compote ' 

by Harned and Davis (4)  a?id aarned and Scholes (2) a r e  a l s o  liste 

f o r  comparison purposes.  

Var i a t ion  w a s  g r e a t e s t  f a r  K+atlCOo above 35 C (Table 1). 

I-larned and ~ a v i s  ' (4)  o r i g i n a l  d a t a  a l  o i nd ica t ed  l a r g e r  experi- 

mental v a r i a b i l i t y  i n  t h i s  temperature region.  The saCO- and 
3- 3 

o values  show t h a t  Na is more g r e a t l y  a s soc i a t ed  wx th  ~ 0 ~ -  

t h  HCO- a s  would be expected because of the  g r e a t e r  charge 

dens i ty  s f  
3 ~ -  + 2- 

GO3 over HCO- The a s s o c i a t i o n  of Na wi th  CO a 
3 ' 

f 
3 

HCO- is very much l e s s  than t h a t  of H with t h e s e  carbonates ,  
3 

The s tandard  f r e e  ene rg i e s  of f6rmation f o r  t h e  ion-pa i rs  a t  25 C 
0 0 

are '%~HCO 
o = 203.07 kcal/mol and A % ~ ~ ~ ;  = -189.50 kcal/mol.  
3 

The computed va lues  of Cu and I i2AOa~  a func t ion  of temperature 

and co r rec t ed  f o r  t h e  presence of NaHCO and N ~ C O -  i n  s o l u t i o n  3 3 
(Tables 2 and 4) compare favorably wi th  those  obta ined  by Karne 

and co-workers (4 ,  6) us ing  e x t r a p o l a t i o n  techniques.  The l a t t e r  

method involves  some measure of compromise i n  t h a t  a s  HC 

concent ra t ions  and i o n i c  s t r e n g t h s  a r e  decreased,  t h e  e m f  measkre- 

ments become u n r e l i a b l e ;  and conversely,  a t  h igh  carbonate  

s a l t  concent ra t ions ,  t h e  - log - K v s .  i o n i c  s t r e n g t h  r e l a  

becomes nonl inear  due t o  i nc reas ing  ion-pair  formation,  even thougn 

emf measures a r e  s t a b l e .  

The thermodynamic func t ions  OF, - AH, - and AS f o r  H CO at  25O o f  - 2 3 
8,667 kcal/mol,  2,352 kcal/rnol, and -21.2 cal/mol-deg, r e spec t  
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are s i m i l a r  t o  t h e  va lues  of 8 ,683,  1.843, and -22.9 obta incd  by 

P i t z e r  ( 9 )  using a c a l o r i m e t r i c  technique;  f o r  HCO- t h e s e  are h f  : 3 -- 
14,090 kcal /mol ,  A H  - = 3.812 kcal /mol ,  and AS - = -34.5 caL/mol- 

vs ,  13.983, 3.500, and -35.2, r e s p e c t i v e l y ,  r e p o r t e r  by P i t z e r *  The 

A H ' S  - and AS'S - a r e  expected t o  be  s l i g h t l y  d i f f e r e n t  i n  t h c  compaal- 

son  because of t h e  allowance f o r  Ha-carbonate i o n  a s s o c i a t i o n  i n  

t h e  p re sen t  work, 

Values %atlco 
o and saCO- from o t h e r  sou rces  arc ava i labbe  
3 only a t  25 C .  Ga r r e l s  -- e t  a l .  (3)3reported 

0 an 
1 - 8 2  and 0,054,  r e s p e c t i v e l y ,  and B u t l e r  and Huston ( 

0.13. The two l a t t e r  sets of  5 ' s  were averaged from BrzeS-er an 

Wuston's o r i g i n a l  r e s u l t s .  I n  t h i s  p r e sen t  s t udy ,  

- = 0.28,  The d i f f e r e n c e s  apparen t ly  a r e  and % ~ c o -  
5 model and experimental  procedure,  and most l i k e l y  i n  the assump 

made regard ing  che cornputat i o n  of t h e  a c t i v i t y  c o e f f i c i e n t s  of 

i o n i c  s p e c i e s .  Regardless  of which method i s  even tua l ly  

t h e  most accu ra t e  f o r  ob t a in ing  
%~HCO: and 

J temperature  dependent hZCo3 and sco; values  forJcarbonic  a c i  

presented h e r e  should be  an improvement over t h e  o r i g i n a l  reports 

of Harned and co-workers (4 ,  6) because e x t r a p o l a t i o n  was not  u s e  

0 
The d i s s o c i a t i o n  cons t an t s  of NaHCO and N ~ C O ~  and related 

3 3 
thermodynamic func t ions  were obtained f o r  temperatures  ranging from 

O t o  50 C i nco rpo ra t i ng  t h e  c l a s s i c a l  experimental  d a t a  of 

and co-workers f o r  determining t h e  d i s s o c i a t i o n  constants of H C 3 ,  
3 

and HCO- From t h e  e lec t romot ive  measurement of Na-carbonate 
3 ' 

s o l u t i o n s  f o r  c e l l s  wi thout  l i q u i d  j unc t ion  p o t e n t i a l ,  t h e  d i s soc i -  
0 

ation cons t an t s  f o r  NaHCO N ~ C O ; ,  H CO and WCO- were e s t i o i a r r d  3' 2 3 3 
s imulraneous ly . 
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Table I. Thermodynamic da ta  fo r  the  d i s soc ia t ion  react ion 

Temp, .-log 1 b l  c / d / A -  ag,- e l  
-log % ~ H C O ~  Ag 9- 

0 
C 

(a) Experimental observation 

(d) A$ = 6091.82 - 3.7059 x - T 
(e) A§-O = 30.7413 - 7.4118 x - T~ 
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Table 2. Thermodynamic da ta  f o r  t h e  d i s s o c i a t i o n  r eac t ion  
4- 

H2C03 = H + HCO; 

( a )  Experimental observa t ion  

(c)  From Harned and Davis (4 ) ;  log  K& = - 3404*71 + 14.8435 - 3.278 
T - 

x T - 
(d)  AX' = l3329.66 - 52.4581 T + 0 .I2349 T 

2 
- - 

( e )  A ~ O  = 13329.66 - 0,12349 2 2 

( f )  ago = 52.4581 - 0.24698 T 2 
- 
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Table 3. Thermodynamic data for the dissociation reaction 

(a) Experimental observation 
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Table 4 .  Thermodynamic d a t a  f o r  the d i s s o c i a t i o n  r e a c t i o n  

---~- 
Temp 9 

@/ - 
f d/ 

-2A 
AS ,-- 

(a )  Experimental observa t ion  

(b) l og  Xu = - 3029 *3 + 7.1945 - 2.470 x lom2 T T - 
( c )  From Harned and Scholes (6) ; l og  KZA - 2902'39 + 6.4980 a - 

- 2.379 x T - 
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PART 111, THE ASSOCIATION OF CALCIUM WITH CARBONATES 

INTRODUCTION : 

I n  a r ecen t  n o t e ,  Lafon ( 4 )  s e l e c t e d  the  "best" a v a i l a b l e  

s o l u b i l i t y  product  cons t an t ,  K f o r  c a l c i t e  repor ted  i n  t h e  
-+;P? 

l i t e r a t u r e  t o  g e t  t h e  concent ra t ion  of Ca2' i n  a CaCO - sa tu ra t ed  
0 

3 
s o l u t i o n  which was then used t o  e s t ima te  t h e  CaCO, concen t r a t ion  

and i t s  d i s s o c i a t i o n  cons t an t  K -cacoO - (~a '+ )  (COG') ( c ~ c o ~ )  , 
where t h e  parentheses  r ep re sen t  ac t ?v i ty .  However, t h e  b e s t  

va lue  need no t  n e c e s s a r i l y  b e  t h e  "cor rec t"  one s i n c e  t h e  o lde r  

K values a r e  based on the  t o t a l  Ca a n a l y s i s .  Furthermore, i n  -- P 0 
order  t o  prove the  ex i s t ence  of CaCO,, t h e  choice  of t h e  cons tan t  i s  

J 24- 
l imi t ed  t o  those  K va lues  which w i l l  y i e l d  computed [Ca ] < 

-P 
measured [Ca] where t h e  b racke t s  r ep re sen t  concent ra t ion ,  

t o t a l 9  
Theory w i l l  be  developed and t e s t e d  on how t h e  d i s s o c i a t i o n  cons tan t  

of C ~ C O '  can be determined i n  a s a t u r a t e d  CaCO s o l u t i o n  f o r  3 3 
a model which --, inc ludes  t h e  Ca-carbonate a s s o c i a t e d  forms C ~ C O '  

5- a- 3 
and CdETCO and a l s o  CaOH wi thout  an a p r i o r i  knowledge of K . 

3 -+;p9 
i n  f a c t  t h i s  contputational technique al lows the  e s t ima t ion  of K 

- s P  
a t  t he  same t i m e  a s  K -c~co;' 
COaUTATIONAL METHOD: 

Using approximately t h e  same t h e o r e t i c a l  s t a r J ing  po in t  

as Lafon ( 4 1 ,  t h e  mass and charge balance equat ions f o r  t h e  c o n s t i t -  

uents  rtrx a s a tn raced  CaCO s o l u t i o n  3 

[carbonate]  t o t a l  = [H2C03] + [HCO;] 

are 
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The s p e c i a l  equil ibrium condit ion such tha t  [Ca] - - 
t o t a l  

[Carbonate] t o t a l  (condit ion of minimum CaCO s o l u b i l i t y  where no 3 
carbonate is  allowed t o  e n t e r  nor hydrolyzed carbonate t o  escape) 

permits the  equating of equations (1) and (2)  t o  give 

29 9 [Ca ] + [CaOH ] = [H2C03] + [BCO;] C [a:-] 

Equations (3) and (4)  can be resolved i n t o  two unknown 

vari.ables HCO; and ca2+ which can be solved simultaneously with a 

knowledge of the  pH and t h e  d i s soc ia t ion  constants  f o r  N,CO,, 
9 * 3 

HCO;, C~OH', CaHC03, and H 2 0  Subsequently, [CaCOO] , K 
3 -c~co:? and 

J a l s o  K can be estimated from the  t o t a l  Ca ana lys i s  and the  
S P  

concentrat ion of the  cons t i tuen t s  making up (3) and ( 4 ) .  More 
29 s p e c i f i c a l l y ,  r e w r i t i n  equations (3) and (4)  i n  ter of [Ca 1 and 

[HCO;] gives 
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K i- = (ca2')(H0;)/(Ca.CO:) - 5.24 x and 
--CaHCO3 

and Y is Jhe a c t i v i t y  coe f f i c i en t .  Ion ic  charges t o  the  species  i n  

the  subsc r ip t s  f o r  the  Y ' s  have been deleted t o  avoid p r i n t i n g  e r r o r s .  

For the  s o l u t i o n  of equations (5) and ( 6 ) ,  i on  a c t i v i t y  

c o e f f i c i e n t s  a s  function of i o n i c  s t r eng th  were ca lcu la ted  from 

the  Debye-Huckel r e l a t i o n  

with constants  A ,  B ,  and a obtained from Kielland ( 3 ) .  The a c t i v i t y  - 
c o e f f i c i e n t s  f o r  the  uncharged species  C ~ C O '  and H2C03 were taken 3 
as 1, and a l s o  Y CaOH '0s' and ' C ~ H C O ~  = Y Hal3* 

The i n i t i a l  i o n i c  s t r eng th  was assumed t o  be 3[CaItotal t o  

s t a r t  the  i t e r a t i v e  computational process,  After  one preliminary 
2-1. 

computational run t o  so lve  f o r  [Ca ] and [HCO-] , t he  co r rec t  3  
vers ion  f o r  p was used f o r  t h e  model, where 

The i t e r a t i v e  computation was made on a d i g i t a l  computer u n t i l  the  

cons t i tuent  concentrat ions varied l e s s  than 0.01%. 
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I%e  computat ional  r e s u l t s  based on t h e  preceding theory an 

t h e  saturated C on of Grezes and Basse t  (2)  w i th  

lGa Jcoea~ and pH = 9.945 a r e  presented i n  Table 1, - 
Some of t he  concen t r a t io  a r e  presented bey on$ t h e  r e l . i a b i l i  t y  of 

t h e  chemlcal a n a l y s i s .  The procedure used, h 

f o r  computing s imultaneously K o and K 
--CaCQ3 

The recomputed K o i s  1.66 x 10 compared t o  t h a t  of  
,-CaCO, 

K o = 7-59  x 10-' o t a i n e d  by Lafon (4) f o r  t h e  sane raw -&GO 
2-1- datam3 LaEon assiuned r at  K = 3.98 x low9 t o  g e t  [Ca ] = 

1^9P 
and subsequent ly [CaCO - 2  x g; 

4- 
no GaOH o r  C Under the specrial  case 

a1 Ca and carbona e concent ra t ions ,  t h e  
24- [C~CO'J i s  s o  han [Ca ] o r  [Ca] total 

3 
t h a t  any minor e r r o r  i n  he measured v a r i a b l e s  is  re f l -ec  

I n  a d d i t i o n ,  f o r  

4" J 

M spec i e s  can b e  ne ed (Table I). 

The recon~puted K is 4.31 x low9 and as expected lower 
-P 

t h e  4 " 4  x va lue  co puted by Grbzes and Basse t  who d i d  no 

t f o r  any C a  c o q l e x i n g ,  Both are, ho 

ent from t h e  va lue  of 3.98 x 1 0 - ~ ~  

Actually, i f  t h e  a c t i v i t y  s o l u b i l i t y  product  cons t an t  is kmwn, 

he mass b a l a  ee  r e l a t i o n  f o r  the carbonate  species 05 

= [Carbonate] 

es, [c~Go~] then can be obtained f 
3 

reLatiom f o r  calciun i n  equat ion ( I) ,  
0 

CaCO were earn 
3 P 
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t h e  r e s t  of Grszes and B a s s e t ' s  ( 2 )  d a t a  and the  r e s u l t s  a r e  

n t ,  bu t  i n c r e a  

I so ,  t h e  conce 

e r  s i m i l a r  t o  t h e  c a l c i t e  s o l u b i  

of C02 i s  decreased* The va lue  of 
"I- 

f o r  C ' and CaOr-2 is d i f f e r e n t  from 3 
0 

was based on only t h e  CaCO form of C a  complex. 3 
These preceding r e s u l t s  and comparisons s t i l l  do n o t  r e so lve  

t h e  d i f f e r e n t  va lues  of repor ted :  6 .31 x l om4 (1) and 

3.29 x l f 5  (5) .  A l l  t h e  experiments were run i n  a c 

i f f e r e n k  manner; namely, ( a )  GaCO s o l u t i o n  a t  rmini 3 
s o l u b i l i t y  wi th  no l o s s  o r  ga in  of carbonate  of G r &  

(2), (b) CaC03 s o l u t i o n  e q u i l i b r a t e d  wi th  known p a r t i a l  p re s su re  

akayamta (5) ,  and ( c )  CaCI2 t i  

eon ( 1 ) .  Experimental d a t a  were no t  available 

f o r  case  ( c ) ,  bu t  gres bly  a closed system was 

s a t u r a t e d  sol.utions,  

We can only s p e c u l a t e  a t  p re sen t  on t h e  reason o r  reasons f o r  

f f e r e n t  %aCO; repor ted .  I f  w e  a t t r i b u t e  t hese  t o  l i q u i d  

Junct ion  p o t e n t i a l  e r r o r ,  then t h e r e  a r e  two sources  f o r  t h e  Ga- 

H-act ivi  t y  measur n t s  i n  case  (b)  , whereas t h e r e  i s  only one 

o r  cases  (a) and ( c )  . Wi hese l a t t e r  

e s s e n t i a l  t h a t  t he  t o t a l  concent ra t ion  of c a  

e i n i t i a l  concea r a t i o n  is no changed by C02 ga in  o r l o s s .  

The da t a  set of Gr&zes aad Basset  (2) is a c  

value. I f  we assume t h a t  the measnremenm a 

eomparisod of t h e  va r ious  experimental  condi t ions  an 

-carbonate concent ra t ion  depe 

sugges ts  the p o s s i b i l i t y  of o t h e r  Ca-b i c a r b  

e a s s o c i a t i o n s .  
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S Y: 

A theory was developed and t e s t e d  f o r  c a l c u l a t i n g  s imulta-  

neous l y  t h e  d i s s o c i  a t i o n  cons t t of C ~ C O '  spec i e s  and t h e  
3 

s o l u b i l i t y  product of c a l c i t e  i n  s a t u r a t e d  Cam s o l u t i o n s  i n  a  3 
c losed  system. Comparison of t he  d i s s o c i a t i o n  cons tan ts  wi th  

o t h e r  publ ished d a t a  based on e n t i r e l y  d i f f e r e n t  experimental 

condi t ions  i n d i c a t e s  a  pos i b i l i t y  f o r  the  e x i  tence of more 

complexed Ca-bicarbonate-carbonate-hydroxide a s s o c i a t i o n s ,  

GarreZs, R ,  M., and Thompson, M. E.  A chemical model f o r  
s e a  water s"i5OC and one atmosphere t o t a l  p re s su re .  

mer. J .  S c i .  260:57-66. 1962. 

Grezes, G o  and Basse t ,  M. Cont r ibu t ion  & l q 4 t u d e  de l a  
s o l u b i l i t 6  du carbonate  de  c a l c i  Compt, Rend, 260: 
869-812. 1965. 

Kie l land ,  J .  Ind iv idua l  a c t i v i t y  c o e f f i c i e n t s  of ions  i n  
aqueous s o l u t i o n s .  J .  Amer. Chem. Soc, 5931675-1678, 
1937. 

Lafon, 6 .  M. Calcium complexing wi th  carbonate  i on  i n  aqueous 
s o l u t i o n s  a t  25OC and 1 atmosphere. Geochim, Cosmocfnim, Acta 
34 1935-940. 1970. 

Nalzayama, Fa S .  Calcium a c t i v i t y ,  coxnpkex and ion-pair  i n  
s a t u r a t e d  CaCO s o l u t i o n s .  S o i l  S c i .  106:429-434. 1968. 3 

EL: F. S . Nakayanla and B . A .  Rasnick 
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Table 1. Cons t i t uen t  concen t r a t i ons  i n  CaCO, s o l u  
J 

e x t e r n a l  C0 d i s s o c i a t i o n  cons t an t  of C ~ C O ' ,  and 2 3 
s o l u b i l i t y  product  of CaCO, 

Species  Concent ra t ion ,  Spec ies  

moles p e r  l i t e r  a l e s  per  l i t e r  

Ca 
24- 

1,284 x 
'zCo3 2,27 x los8 

2.60 x NCO; 8,978 x lo-' 
2.68 x co k 
2,04 x 0%- 

Y = 0.982;  YHCO H = 0,982; Y = 0.928 
3 

Y = 0.982; YCa  = 0.929 
C03 

ON. 

R o = = ~ ~ G ~ x L o ~ ~  
-&KO3 

%p = 4.31 x lo-g 
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0 
Table 2 ,  Dissociation constant of CaCO in saturate 3 

solution at and near its minimum solubility 

a/ Data of GrBzes - 
b / , "A" and "B" cox - coaputed on basis of R = 4.31 x 10- --P 

3.98 x respective 
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TITLE : I&LS AWD FOR WATER WRVESTZNG 

Treatments and procedures remain t h e  same descr ibed  i n  

previous Annual Reports.  The Naui t e s t  s i  e was v i s i  t e d  i n  June 

70 at which time a l l  ters were cleaned and a d d i t i o n a l  f i l t e r  

sc reens  i n s t a l l e d .  

E S ~ , T S  L ~ D  orscuss ION r;r: 
Kakaiau Catchment. This u n i t  was not  v i s i t e d  during 1970. 

I t  i s  assumed he catchment and r e s e r v o i r  a r e  performing s a t i s f a c -  

t o r i l y .  R a i n f a l l  d a t a  forwarded monthly t o  t h e  Laboratory showed 

r a i n f a l l  were recorded f o r  11 months i n  t h e  year ,  Rain- 

faLl da t a  f o r  J u l y  1970 were not  received.  

A l l  p l o t s  were considered i n  s a t i s f a c t o r y  

i n  June 1970. The new water meter measurin 

l o t s  i n  September 1969 has not  per fo  

as expected. Trouble has been encountered wi th  plugging of t h e  

meters on t h e  t h r e e  t r e a t e d  p l o t s  w i th  g ra s s  seeds  and o t h e r  smal l  

ebris. When t h e  system was o r i g i n a l l y  i n s t a l l e d ,  a set of sc reens  

were i n s t a l l e d  i n  t h e  V-shaped headboxes on each p l o t .  These proved 

t o  be  unsa t i s fac tony  , In June 1970, a d d i t i o n a l  cone-shaped sc reens  

were i n s t a l l e d  i n  t h e  e n t r  ce  p ipe  t o  each meter.  Ru 

orrespondence wi th  m i n t e n  ce  personnel  from Eas 

a t i o n  Cm~pany i n d i c a t e  p l u  of t h e  meters s t i l l  occurs .  

e b r i s  is  be l i eved  to come from grasses  growing aroun 

of t h e  p l o t s .  Meter plugging has not  occurred on t h e  n a t u r a l  

g ra s s  p l o t ,  The g ra s ses  on the  p l o t  apparent ly  f i l t e r  t h e  runoff 

e f o r e  i t  reaches t h e  meters .  

R a i n f a l l  and runoff d a t a  f o r  t he  g ra s s  p l o t  s i n c e  i n s t a l l a  

e water meter measurin system are presented i n  Table  1, The 

rements shuw t h a t  over  30% of t e p r e c i p i t a t i o n  has r 
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This i s  much h igher  than w a s  o r i g i n a l l y  expected. A t  t h e  time of 

t h e  o r i g i n a l  p l o t  i n s t a l l a t i o n ,  l o c a l  personnel  expressed t h e  

opinion t h e r e  would be  no runoff from t h e  p l o t .  

Experimental Ditch Lining.  The experimental  d i t c h  l i n i n g  was 

inspec ted  during t h e  June 1970 t r i p .  A cons iderable  growth of 

nu tgrass  had pene t r a t ed  t h e  l i n i n g .  No at tempt  had been made t o  

i s e  c o n t r o l  t h e  weed. The growth of pene t r a t ing  

weeds must b e  c o n t r o l l e d  be fo re  the  a spha l t - f i be rg l a s s  o r  any 
---.--- - 7 - - - - -- - - -  - 

o t h e r  f l e x i b l e  membranes can be an e f f e c t i v e  l i n e r ,  

The Kukaiau ca tch  en t  a d  s t o r a g e  u n i t  w a s  no t  inspec ted  during 

t h e  yea r .  I t  i s  assumed the  u n i t  is performing s a t i s f a c t o r i l y ,  

e n t s  a t  t h e  M s n u i  t e s t  s i t e  were i n  good cond i t i on  when 

v i s i t e d  i n  June 1970. Meters on the  t h r e e  t r e a t e d  p l o t s  have 

been plugged by deb r i s  which f a l l s  on t h e  p l o t  and is  smal l  enough 

t o  pass  through the  f i l t e r  s c reens .  The plugging has n o t  been a  

problem wi th  t h e  g r a s s  p l o t .  Measured runoff from t h e  g ra s s  p l o t  

s i n c e  i n s t a l l a t i o n  of t h e  meters i n  September 1969 has averaged 

30% of a t o t a l  of 3,018 m of p r e c i p i t a t i o n .  

and G. W. F r a s i e r .  

: December 1970 
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Table  1, R a i n f a l l  and runof f  r e s u l t s  from t h e  g r a s s  p l o t  a t  Maui 

tes t  s i t e ,  

Date b i n f  a l l  Runoff 

28 Sep 69 10 Nov 69 1 l l , 2  2 ,4  2,2 

10 Nov 69 23 Dec 69 1 4 6 , l  1 1 , O  7.5 

23 Dec 69 23 Peb 70 508 ,O 218,9 43,O 

23 Feb 70 22 Mar 70 63 ,O 0 0 

22 Mar 70 6 Apr 70 111.2 12 ,2  10.9 

6 Apr 70 24 k p r  70 336,6 139,9 4P,6 

24 Apr 70 19 May 70 85,7 0 0 

70 12 J u n  70 56,7  ,9  1 .6  

2 4 J u n 7 0  2 3 J u l 7 0  298,5 64.2 21,5 

23 S u l  70 2 (3ct 70 400 ,O 119,4 29.9 

t 7 0  E 8 N o v 7 0  472,5 190,2 40,2  

18 Nav 70 16 Dec 70 428,6 164,6 38,O 

o t a l  
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The probabi 1 i ty  d i s t r i  bt i t  ion  ( P r )  of p a r t  i c l c s  nn~ong c l i s c r e t t  energy 

s t a i e s  (li) w i t h i n  n s y s  Len1 can bc representecl  by 

where a and ji a r e  c o n s t a n t s  r e l a t e d  t o  t h e  t o t a l  number oE p a r t i c l e s  

and t o  t h e i r  t o t a l  energy .  Equat ion ( I ) ,  which i s  d e r i v e d  u s i n g  

Fermi-Dirac s t a t i s t i c a l  mechanics,  d e s c r i b e s  a  sigmoid w i t h  P r  going 

t o  1 o r  0 (depending upon t h e  s i g n  of l3) as E  becomes i n f i n i t e .  P r  

becomes e q u a l  t o  1 / [ l  + e x p ( a )  ] a s  E approaches 0. The i n f l e c t i o n  o f  

t h e  sigmoid i n v a r i a n t l y  occurs  a t  P r  = 1 / 2 .  

An e q u a t i o n  which d e s c r i b e s  Type-I1 a d s o r p t i o n  i s o t h e r m s  o v e r  a  

wide range of p r e s s u r e s  must s a t i s f y  the  c o n d i t i o n s  

and 
2  2  

d  w/d(p/p0) = 0 f o r  a  

p / p  i n  the  range 0 
0 

s i n g l e  v a l u e  of 

< p/p0 " 1. . ( 2 ~ )  

I f ,  i n  e q u a t i o n  (1)  t h e  r e l a t i v e  vapor p r e s s u r e  (p/po) i s  s u b s t i t u t e d  

f o r  the  p r o b a b i l i t y  d i s t r i b u t i o n  (Pr )  , and t h e  amount o f  adsorbed 

gas (W)  f o r  energy (E) ,  one f i n d s  t h a t  only c o n d i t i o n  (2a)  i s  

s a t i s f i e d .  To r e c t i f y  t h i s  l i m i t a t i o n  t h e  p r o b a b i l i t y  and energy 

terms a r e  r e d e f i n e d  as 

and 
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; t t~d  eqtia t ion (1 ) w r i t t e n  i n  the  forms 

where A = -a/[)  and A = I/(-'. S t  i s  necessa ry  now t o  dctc!rniine 

the  f u n c t i o n s  f ( p / p o )  and g(W) s o  as t o  meet a l l  t h e  c o n d i t i o n s  

i n  e q u a t i o n s  ( 2 ) .  
C 

I f  f  (p/po) = (p /po)  , where  c  is  c o n s t a n t ,  c o n d i t i o n  ( 2 c )  i s  

met s i n c e  p/p  is  no l o n g e r  r e s t r i c t e d  t o  the  v a l u e  o f  112 a t  
0 

t h e  i n f l e c t i o n  p o i n t .  Cond i t ion  (2b) i s  met i f  g(W) = I n  W, f o r  

13 < 0 ;  U is i n l ~ e r e n t l y  n e g a t i v e  For Type-PI a d s o r p t j o n  isotherm.;. 

These s u b s t  i t u t i n n s  i n  e q u a t  ion (4b) lead t o  

Remembering t h a t  13 i s  always n e g a t i v e ,  i t  is e a s i l y  shown th ; t t  

e q u a t i o n  (5 )  meets a11 t h e  c o n d i t i o n s  of ( 2 ) .  

PROCEDURE : 

The gas a d s o r p t i o n  a p p a r a t u s  used i n  t h i s  exper iment  was 

d e s c r i b e d  i n  t h e  1.970 Annual Repor t .  B a s i c a l l y  i t  c o n t r o l s  vapor  

p r e s s u r e  u s i n g  a  dynamic gas f low sys tem,  and employs a  micro- 

b a l a n c e  t o  de te rmine  a d s o r p t i o n .  I n  t h e  s t u d y  on c h e m i s o r p t i o n  o f  

w t l ~ y l t r i c h l o r o s i l a n e  by s o i l s ,  an  a c i d i c  Lloyd s o i l ,  h i g h  i n  

amorphous i r o n  and aluminum hydrox ides  was d r i e d  t o  e q u i l i b r i u m  

weigh t  by c o n t i n u a l l y  p a s s i n g  d r i e d  N gas p a s t  the' sample a t  20 C .  
2 

12 n e a r l y  s a t ~ t r a t c c l  atmosphcrc o f  ~ w t i ~ y l t r i c h l o r o s i l n r l e  was f.ltcn 

i n t  reduced p a s t  the  sample  by ht ibbl ing t h e  N through tllc s i  l iconc 
2  

l i q u i d .  When a d s o r p t i o n  c e a s e d ,  pure  N gas a g a i n  was flowed 
2 

ch rough  lie s y s  ten) t o  remove any phys i so rbed  s i l i c o n e  . When 

e q u i l i b r i u m  weigh t  a g a i n  was a t t a i n e d ,  a  w a t e r  vapor  a d s o r p t i o n  

i so t l~c r rn  was dcterrrtinetl on  tile now s i 1 i conc  L reaLcd s o  i 1 . 
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The p rocedure  f o r  f i t t i n g  t h e  proposed Type-11 a d s o r p t i o n  

i so the rm e q u a t i o n  ( e q u a t i o n  5) t o  e x ~ e r i m e n t a l  a d s o r p t i o n  d a t a  

employed a  s i m p l e  computer program. An i n i t i a l  vaJ.ue of c was 

chosen ,  A and B were  c a l c u l a t e d  by l e a s t  s q u a r e s  and the  c o r r e l a -  

t i o n  c o e f f i c i e n t  r o b t a i n e d .  Using an i t e r a t i v e  p r o c e d u r e ,  c  

was s e q u e n t i a l l y  s t e p p e d  u n t i l  a  maximum v a l u e  oE r was o b t a i n e d  

f o r  t h r e e  s i g n i f i c a n t  f i g u r e s  of  c .  The c o n s t a n t s  A ,  B ,  and c  

a l o n g  wi th tlle corresponcl i n g  r vnl  ties were coruptlt ctl f o r  4 1 sc ts 

Harlcins and J u r a  ( H J )  ; Dubinin-Kagoner (DK) ; and Freundliclc ( F )  

were  s t a t i s t i c a l l y :  f i t  t o  the  s a n e  d a t a ,  and t h e  c o r r e s p o n d i n g  r 

v a l u e s  o b t a i n e d .  

RESULTS : 

Figure  1 shows t h a t  methy l t r i c h l  o r o s i l a n e  can be chernisorbed 

t o  s o i l ;  f o r  t h i s  Lloyd s o i l  the  chemisorp t ion  amounted t o  16 .9  mg/g. 

The s o i l  hydroxy l  s i tes remaining a f t e r  d r y i n g  w i t h  N r e a d i l y  
2 " 

r e a c t e d  w i t h  t h e  s i l i c o n e  a s  a t t e s t e d  t o  by t h e  r a p i d  i n c r e a s e  i n  

we igh t  a f t e r  i n t r o d u c t i o n  of t h e  r e a c t a n t  gas ( p o i n t  A) .  The g r a d u a l  

l o s s  in  we igh t  beyond a t t a i n m e n t  of the  maximum weigh t  (40 mg/g) 

p robab ly  r e p r e s e n t s  t h e  l o s s  of some r e s i d u a l ,  s t r o n g l y  hydrogen- 

bonded s o i l  w a t e r  t h a t  had now chemica l ly  r e a c t e d  w i t h  t h e  s i l i c o n e ,  

but wtliclt I~at l  no t  chemical ly  c ross - l inked  t o  tlle s o i  1-ntirfacc 

hyclri)xyl $7. 'I'ltc conL inued f ' l  uslring w i t h  methy l t  r i c l ~ l o r o s i  Lane 

g r a d u a l l y  d i s s o c i a t e d  t h e s e  s t r o n g l y  phys i so rbed  rnolccules f roni the  

s o i l  s u r f a c e .  The d i f f e r e n c e  between 16.9  and 40 mg/g, t h u s ,  i s  due 

bo th  t o  unreactecl ,  p l ~ y s i s o r b e d  m e t h y l t r i c h L o r i s i 1 a n e  , and p a r t 1  y  

due t o  t h e  phys i so rbed  s i l i c o n e  w h i c h  h a s  chemica l ly  r e a c t e d  w i  t i 1  

t h e  s m a l l  amounts of r e s i d u a l  w a t e r  remaining on t h e  s o i l  a f t e r  

the  i n i t i a l  d r y i n g  w i t h  N gas .  Botl? of  t h e s e  two t y p e s  o f  mole- 
2 

c u l e s  arc! swept away by t h e  in t roduct . ion o f  pure  N a t  p o i n t  13. 
2 

A f t e r  e q u i l i b r i u m  w e i g h t  a g a i n  had been a t t a i n e d ,  w a t e r  vapor  

was in t roduced  i n t o  t h e  sys tem.  F igure  2 shows t h e  a d s o r p t i o n  
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isotherms f o r  w a t e r  on the  I,loyd s o i l  b e f o r e  and intmediatel y  a f t e r  

the  s i 1 i cwne t reatmen t . 'I'hc s i l i cone t reatment h a s  c i ~ n n g e d  t l ~ e  

w,tLer at isorpt  i o n  i s o  t l lc .  I-nr t ronr ; I  l y p  i c a l  Type-L 1 ( s ~ r o n g  p l ~ y s  i x o r p -  

t i o n )  t o  a  Type-ITI (hydrophobic ,  low s u r f a c e  e n e r g y ) .  

As t h e  r e l a t i v e  vapor  p r e s s u r e  was i n c r e a s e d  beyond about  

p /po  = 0 . 2 ,  l a r g e  amounts of w a t e r  adsorbed on t h e  s u r f a c e .  I n  

Fac t ,  beyond p / p  = 0.6  the  rrlcnounl o f  w a t e r  adsorbed on t h e  s i l i c o n e  
0 

t r e a t e d  s o i l  exceeded t h a t  on t h e  u n t r e a t e d  s o i l .  T h i s  may be due 

i n  p a r t  t o  enhanced c a p i l l a r y  condensa t ion ,  b u t  more l i k e l y  i t  i s  

due t o  t h e  w a t e r  r e a c t i n g  chemical ly  w i t h  unreac ted  C l -  s i t e s  on 

t h e  s i l i c o n e  molecu les .  Each s i l i c o n e  i n i t i a l l y  had t h r e e  r e a c t i v e  

c h l o r i n e  s i t e s  - i f  on ly  one o r  two r e a c t e d  w i t h  t h e  s o i l  h y d r o x y l ,  

t h e n  t h e  remaining c h l o r i n e s  were  a v a i l a b l e  f o r  r e a c t i o n  w i t h  the  

now-introduced w a t e r  vapor .  I f  t h e  r e a c t i o n  indeed  w a s  between t h e  

w a t e r  and t h e  c h l o r i n e  s i t e s ,  i t  is  s t r a n g e  t h a t  i t  d i d  n o t  proceed 

even a t  t h e  low vapor p r e s s u r e s  (p /p < 0 . 1 )  . The anomal ies  
0 

w a r r a n t  a d d i t i o n a l  i n v e s t i g a t i o n .  

Pn the s e a r c h  f o r  an e q u a t i o n  t o  b e t t e r  d e s c r i b e  Type-TI. aclsorp- 

t i o n  i s o t h e r m s ,  i t  was found t h a t  t h e  new e q u a t i o n  (5)  indeed 

d e s c r i b e d  such i s o t h e r m s ,  and d i d  s o  o v e r  a  wide vapor  p r e s s u r e  

range.  F igure  3 which shows an  a d s o r p t i o n  and d e s o r p t i o n  i s o t h e r m  

of  w a t e r  on a  s o i l ,  a l s o  shows the  d a t a  r e p l o t t e d  a c c o r d i n g  to  

e q u a t i o n  ( 5 ) .  A f t e r  f i r s t  computing the  b e s t  f i t  v a l u e s  f o r  the  - C c o n s t a n t  c ,  t h e  cor responding  x, y  v a r i a b l e s ,  i . e .  I n  [ (p/po)  -1) 1, 
and ln(W) of  e q u a t i o n  (5) were computed Eor each d a t a  p o i n t ,  and t h e n  

r e p l o t t e d .  Each computed p o i n t  i n  t h e  f i g u r e  corresponds t o  t h e  

d a t a  p o i n t  which i s  n e a r l y  v e r t i c a l l y  below o r  above.  Equat ion (5)  

p r e s e n t s  t h e  a d s o r p t i o n  d a t a  i n  a  l i n e a r  form - i n c l u d i n g  t h e  d a t a  

a t  h i g h  and low vapor  p r e s s u r e s ,  and because  o f  t h e  I n  x ,  I n  y  

f e a t u r e ,  p e r m i t s  an even d i s t r i b u t i o n  o f  t h a t  d a t a  through the  

w e i g h t ,  p r e s s u r e  range .  The contputecl r vaLues f o r  b o t h  the  adsorp- 

Lion and  clesorption b ranches  of LIle i s o t h e r m  were  b e t  t e r  t h a n  0 . 9 9 9 .  
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15quation (5) c o n s i s t e n t l y  and a c c u r a t e l y  d e s c r i b e d  the  Type-IT 

a d s o r p t i o n  i s o t h e r m s  of  c l a y  and s o i l  adsorben t s  u s i n g  s e v e r a l  

a d s o r b a t e s ,  i n c l u d i n g  w a t e r ,  e h t y l e n e  dibromide and carbon t c t r a -  

c h l o r i d e  ( I l ' d l e  1 ) .  Of t h e  41 d a t a  s e t s  t e s t e d ,  40 gave a  c o r r e l a t i o n  

c o e f f i c i e n t  ( r )  o f  0.99 o r  b e t t e r ;  t h e  one e x c e p t i o n  had a n  r -va lue  

of  on ly  0.98. C o r r e l a t i o n  c o e f f i c i e n t s  of the  d a t a  were  then  

determined f o r  f i v e  o t h e r  e s t a b l i s h e d  i s o t h e r m  e q u a t i o n s  (Table  2 )  , 
and compared t o  t h e  new e q u a t i o n .  These d a t a ,  summarily p r e s e n t e d  

i n  F igure  4 ,  show t h a t  none o f  the  f i v e  e s t a b l i s h e d  e q u a t i o n s  con- 

s i s t e n t l y  d e s c r i b e d  t h e  a d s o r p t i o n  i s o t h e r m s  a s  a c c u r a t e l y  as d i d  

e q u a t i o n  (5) .  Of t h e  e s t a b l i s h e d  f i v e ,  the FHt1 d i d  t h e  b e s t ,  b u t  

none e v e r  approached t h e  a b i l i t y  o f  t h e  new e q u a t i o n  f o r  d e s c r i b i n g  

s n c l ~  d a t a .  

No s e r i o u s  a t t empt  h a s  been niade t o  d a t e  l o  t r y  t o  a s s i g n  any 

p h y s i c a l  s i g n i f i c a n c e  t o  t h e  t h r e e  c o n s t a n t s  ( A ,  B ,  c )  o f  t h e  

e q u a t i o n .  No obvious  r e l a t i o n s l ~ i p s  cou ld  be found,  t h e r e f o r e ,  the  

e q u a t i o n  may be s t r i c t l y  e m p i r i c a l .  Th i s  is c e r t a i n l y  worthy of 

a d d i t i o n a l  s t u d y .  The e q u a t i o n  s h m s  promise l o r  p r e d i c t i n g  f i e l d  

w a t e r  c o n t e n t s  i n  e i t h e r  t h e  vapor  phase o r  t h e  adsorbed phase  - 

depending on t h e  pa ramete r  which i s  measured; i t  may have u t i l i t y  

i n  e q u a t i o n s  p r e d i c t i n g  vapor  t r a n s f e r  i n  s o i l s ,  and t h i s  g e n e r a l  

type  of e q u a t i o n  a l s o  may be a d a p t a b l e  t o  o t h e r  s i t u a t i o n s  where t h e  

r e s u l t s  d e s c r i b e  a s i g m o i d ,  e .g.  s o i l - w a t e r  p o t e n t i a l  and p a r t i c l e  

s i z e  d i s t r i b u t i o n  c u r v e s .  

SJJMiMRY AND CONCLUSIONS : 

Adsorpt ion i s o t h e r m  work h a s  shown t h a t  m e t f i y l t r i c h l o r o s i l a n e  

can be chemical ly  bonded t o  an  a c i d i c  s o i l  r i c h  i n  amorphous i r o n  

and alutninuni hydrox ide .  WaLcr ac lsorpt ion i s o t i l e  rms on tile s o i  1 

sample  b e f o r e  and a f t e r  the  s i l i c o n e  t r e a t m e n t  were  Type-Il  and 

Type-111, r e s p e c t i v e l y ,  showing t h a t  t h e  s i l i c o n e  t reatrnent sub- 

s t a n t i a l l y  lowered t h e  s u r f a c e  energy of the  s o i l  - i n  e f f e c t ,  

making i t  w a t e r - r e p e l l e n t  . 
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A new e q u a t i o n  f o r  d e s c r i b i n g  t h e  Type-TI a d s o r p t i o n  i s o t h e  rms 

Il;ls been c -on t r i  vcd. Thc eq t ~ n t  ion i 11 1 incnr  form is : I n ( M )  = ,\ 4- 1% 

1 1 1  [ ( i > / l > O ) - c  - 1  1. I.[ W * ~ S  C O O I ~ ~ ; ~ * - C C I  S I ~ ~ L  t ~ t i . < ! i ~ I  I Y  L O  f i v < '  < > L I \ c ,  W P  I I 

k~nown a d s o r p t i  o n  e q u a t i o n s  f o r  accuracy i n  d e s c r i k i n g  41 ads o r p  t ion 

isotherms o f  s e v e r a l  a d s o r b a t e s  on s o i l  and c l a y  samples .  The 

r e l a t i v e  vapor  p r e s s u r e  range 01 t h e s e  4 1  i s o t h e r m s  ranged from a s  

low a s  p / p  = 0.0006 t o  a s  h i g h  as  p /p  = 0 . 9 8 .  The new e q u a t i o n  
0 0 

had a c o r r e l a t i o n  c o e f f i c i e n t :  ( r )  i n  t h e  t e s t  f o r  l i n e a r i t y  o f  0 .99  

o r  b e t t e r ,  f o r  40 o f  t h e  4 1  i so t l i c rms ;  t h i s  was markedly b e t t e r  than 

f o r  any o f  t h e  o t h e r  5 e q u a t i o n s  t e s t e d .  The new e q u a t i o n  d e s c r i b e s  

a  s igmoid ,  h a s  c o r r e c t  form a t  t h e  r e l a t i v e  vapor  p r e s s u r e  limits 

( i . e . ,  p /po  -> 0 ,  and p/po -> L ) ,  and because  of  t h e  t h i r d  c o n s t a n t  

( c ) ,  p e r m i t s  a  v a r i a n t  i n f l e c t i o n  p o i n t  i n  t h e  s igmoid .  For  the  

f i r s t  t ime  i t  now a p p e a r s  t h a t  a  s i m p l e  e q u a t i o n  i s  a v a i l a b l e  f o r  

d e s c r i b i n g  w e l l  over  90% of a l l  a d s o r p t i o n  i s o t h e r m s  - and a p p a r e n t l y  

can do s o  o v e r  p r a c t i c a l l y  t h e  complete  r e l a t i v e  vapor  p r e s s u r e  r a n g e .  

I J 1 . Na-Cn- DI?M IXPNG L N FREI?-SWISLLP NC PION'I%lOIII 1,LONI 'ITS 

T NTIIODU CT LON : 

The i n t r o d u c t i o n  t o  t h e  "demix" pllase o f  t h i s  s t u d y  was p r e s e n t e d  

i n  t h e  1968 Annual Repor t .  The p r e l i m i n a r y  exper iment  a 1  r e s u l t s  d i d  

no t  conform t o  t h c  proposed theory  of s w e l l i n g  of  such  Na-, Ca-mont- 

rnor i l loni  t e  s y s  terns, s o  i t  was p o s t u l a t e d  t h a t  e i t h e r :  ( 1 )  the  

o r i g i n a l  x-ray d a t a  were  f a u l t y  o r  i n a d e q u a t e ,  o r  (2 )  t h e  t h e o r e t i c a l  

nlodels were  i n c o r r e c t .  To r e s o l v e  t h i s  impasse ,  s u p p l e m e n t a l  x-ray 

d i f E r a c t i o n  a n a l y s e s  of t h e  samples  were  run i n  1970.  I n  a d d i t i o n  

t o  t h e  demix s t u d y ,  a n o t h e r  c r i t i c a l  look  was d i r e c t e d  a t  the  

phys i c a l - c h e m i c a l  f a c t o r s  c o n t r o l l i n g  t h e  free-swe l l i n g  o f  b o t h  Na- 

and L i -montmor i l lon i t e s .  E x i s t i n g  e q u a t i o n s  f o r  d e s c r i b i n g  t h i s  

free-swe l l i n g  g e n e r a l l y  o v e r - p r e d i c t e d  t h e  r e s u l t a n t  i n t e r l a y  e r  

expans ion  as  w a t e r  was added t o  t h e  sys tem.  The o b j e c t i v e  was t o  

c o r r e c t  t h e  e q u a t i  ons , i f  p o s s i b l e ,  through t h e  development o f  

inqxovetl,  t l t eo rc t  i r n l l  y-bascbrJ p a r a n c t e r s .  'I'l~is r e p o r t  p r c s c n t s  L i l ~  

culminat: ion of t h e s e  s t u d i c s  . 
8-7 
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t i  i ~ ,  , i  c~oriiI)inc~tl c-onsk ; l n r  i i i l ( l  ( 'oriv( ' r~ i c ~ n  S ; l ( ' t  o r  c q ~ ~ ; ~ l  t o 2 X 10 
4 

2 
A I / IC.q~ia'l ion ( 6 )  p rcd i  c.ts a  l i t ic~ar p l o t  o f  ( I  vs W prcrviclwl t l ~ ~ i t  

t 
W rcnra ins c*nns L ant  a s  W i n r  rc'asc" . 

C' t 
(,once i vah I y , c.onve r t  i n g  I rorti ;I ptl re  N,r-rnon t rrrori I i o i ~ i  t  e s y : ~  trill 

t o  a mixed N a - ,  Ca-system w o t ~ l d  i l l  Lcr tile w e  1 l i n g  b e h a v i o r  o l  t l ~ c  

c l a y .  The type and e x t e n t  o f  t h i s  nl t e r a t i o n  s l ~ o i ~ l d  depend on (1)  

wlietlrer Llie two i o n  t y p e s  randomly mir on tlrc exchange complex - o r  
+ 

dcrnix; (2) tlie r e l a t i v e  p ropor t  i or1 of Na (ESP)  on t h e  exrhange 

r o n ~ p l e x ;  ( 3 )  t h e  s t a t e  o f  h y d r a t i o n .  

L l l t ~ s t  r a t  ive exanrples of thc c l a y  s w e l l i n g  t o  be expec ted  f o r  

sc>vei-nl types  o f  N a : C n  tl i s t  r ibi i t  ion were pr~Y5~17trd i r l  tile 1968 

/ t i t 1  . SWP l I i n$ :  n~otlt. 1s wcsrcl clcvt?lopctl f o r  ( a )  conipi e t t ?  

random m i x i n g  o f  tlrc two c.nt.ions O I I  tile exchangc complex,  ( b )  conrplrtc 

tiernixing bv doma i n s ,  and ( c k )  complete dernixing b y  a l t e r n a t e  l a y e r s .  

Earl  i e r  i t  Iratl been shown t i~ : l t  f o r  Ka- o r  I,i-montmor-i l l o n i  t e s  

ecltintion ( 6 )  pr-erlictetl t l ~ a t  p l o t < ;  o f  t l - s \ )~c* iny ,  (ti) vs the t o t a l  

w a t e r  c o n t e n t  (id ) s h o u l d  be Linc1ar, provitlccl tltnt tlte e x t e r n a l  
t  

wcilcr (1d ) rcniainecl c o n s t a n t  (i . e .  (W = a )  as \.i incrensc~cl.  Gost 
C C' t  

of t i iv experimcnt; i l  swc.llir-rg t lata c l o s c ~ l v  confornis t n  e q u a t i o n  ( 6 ) ,  

b ~ i t  wilcti c r r o  r crc.c.urs , the Ll~eo r c t t  i c-al c q ~ r a t  i on genera l  ly over-precii c t s  
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Ll~c i n t e r l a y e r  swelling. 7'hus , an a t t empt  t o  improve tllc cqu;tL ioli 

was i n i t i a t e d .  

l ising mat l~emat ica l  decluction,  i t  was shown Lhat p l o t s  of 

tl vs W cou  lcl be l i n e a r  bod1 wllcn W = a ,  a s  o r i g i n a l  l y  surinisctl ,  
t e 

and ,  a l s o  when 

Tlie bW term of  e q u a t i o n  ( 7 )  a l lows f o r  a  l i n e a r  i n c r e a s e  i n  
- t  

e x t e r n a l  w a t e r  a s  t h e  t o t a l  w a t e r  i n  t h e  sys tem i n c r e a s e s .  Th i s  

Lhen would account  f o r  t h e  r e g u l a r  o v e r - p r e d i c t i o n  o r  i n t e r l a y e r  

swc 1 1  ing 12 rr>vioits l y  cncounlercrl  t i s  i n g  cclrintiot~ ( 6 )  . lklualion ( 6 )  

may be c o r r e c t e d  f o r  the  a d d i t i o n  of the  bW term:  
- t  

The p l o t s  of d  vs W now have  i n t e r c e p t s  of ( 9 . 4  - ua/Si) and 
t - 

s l o p e s  o f  u(l-b) - /Si. 

The c o n s t a n t  a  i n  t h e  i n t e r c e p t  term h a s  u n i t s  of grams - 
w a t e r  p e r  gram of  to ta l .  s o l i d s  p r e s e n t ,  and p robab ly  corresponds 

t o  t h a t  q u a n t i t y  of w a t e r  of h y d r a t i o n  which does n o t  change as  

W i n c r e a s e s ,  e .  g. w a t e r  between non-free-swel l ing i n t e r n a l  s u r -  
t 

Faces such as  any v e r m i c u l i t e  component p r e s e n t ,  o r  perhaps  t o  

t h e  i n i t i a l  h y d r a t i o n  o f  c e r t a i n  high-energy a d s o r p t i o n  s i t e s .  

The -- bWt term p r o v i d e s  f o r  a  l i n e a r  i n c r e a s e  i n  the  e x t e r n a l  w a t e r  

o f  Ityc1r;tt i o n  as the to l i t l  w a t e r  i n  t h e  sys tem i n c r e a s e s ,  ant1 prn- 

bab ly  corresponds t o  t h a t  q u a n t i t y  of w a t e r  a s s o c i a t e d  w i t h  i n k  ra- 

packe t  r e g i o n s .  

The a p p l i c a t i o n  of e q u a t i o n  (8) t o  f r e e - s w e l l i n g  d a t a  t h u s  

shou ld  permi t  a q u a n t i t a t i v e  d i f f e r e n t i a t i o n  o f  t h e  w a t e r  of hydra- 

t i o n  between i n t e r n a l  and e x t e r n a l  c l a y  s u r f a c e s ,  and a l s o  pe rmi t  

a  s e p a r a t i o n  of t h e  e x t e r n a l  w a t e r  i n t o  a  c o n s t a n t  and a  v a r i a b l e  

p o r t i o n  wi th  t h e  l a t t e r  dependent upon t h e  t o t a l  w a t e r  c o n t e n t  
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p r e s e n t .  To i l l u s t r a t e  t h i s ,  a  family  o f  curves  i s  preser i ted  i n  

F igure  5 showing how changing t h e  term b  - ( h o l d i n g  - a  and S c o n s t a n t )  
i 

a f r e c t s  t h e  h y p o t h e t i c a l  s w e l l i n g  o f  m o n t m o r i l l o n i t e .  AS - b  i n c r e a s e s  

from z e r o ,  t h e  s l o p e  o f  t h e  s w e l l i n g  curves  d e c r e a s e s  and t h e  propor- 

t i o n  of w a t e r  a s s o c i a t e d  w i  t l z  e x t e r n a l  s u r f a c e s  i n c r e a s e s .  Changing 

n o r  S would produce a n o t h e r  family  of curves .  - i 
Equat ion (8) now c o n t a i n s  t h r e e  unknowns: 2, - b  and Si , and 

cannot  be s o l v e d  s o l e l y  from d  vs ld p l o t s .  A s e p a r a t e  d e t e r m i n a t i o n  
t 

o r  means of a c c u r a t e l y  e s t i m a t i n g  one of the  unknowns i s  needed,  

S .  seems the  l o g i c a l  f i r s t  cho ice  f o r  s e p a r a t e  e v a l u a t i o n  s i n c e  means 
1 

For ob r a i n i n g  i t  a r e  r e a d i l y  a v a i l a b l e .  Armed w i t h  a  v a l u e  f o r  S 
i ' 

;I ant1 1) t l ~ e n  may bc. rcaclily cicterminetl. This  has bt.cn clone ('l':il)lp 3) 

f o  I- r d  1 Llie known d a t a  on f  rec-swe l l i n g  rnontmoril Lon i t e s  . 'i'llc - n and - 1) 

va lues  normally a r e  p o s i t i v e  and range from 0  t o  0 . 2 5  f o r  2 (average  

0,09) and 0  t o  0,47 f o r  b (average 0,lO). The b  -O,14 v a l u e  i s  

ex t remely  q u e s t i o n a b l e  - t h e r e f o r e ,  h a s  been d i s r e g a r d e d .  

There is a n  o v e r a l l  l a c k  of cons i s tency  i n  t h e  - a  and b - val  ucs of 

Table  3 ,  which would s e e n  t o  p r e c l u d e  t h e i r  i n d i s c r i m i n a t e  a p p l i c a -  

t i o n  t o  new c l a y - s w e l l i n g  s i t u a t i o n s .  Concomitant ly ,  t h e s e  i n c o n s i s -  

t e n c i e s  sugges t  e i t h e r  t h a t  t h e r e  may be some s y s t e m a t i c  e r r o r  

a s s o c i a t e d  w i t h  t h e  d-spacing d e t e r m i n a t i o n s ,  o r  t h a t  s l i g h t  v a r j a -  

t i o n s  i n  t h e  c l a y  sample p r e p a r a t i o n  p rocedures  i n  t u r n  a f f e c t  t h e  

d e g r e e  of cLay s w e l l i n g .  

An exper iment  t h u s  was des igned t o  t r y  t o  r e l a t e  v a r i a t i o n  i n  

b t o  v a r i a t i o n  i n  e x p e r i m e n t a l  p rocedure .  A l t e r i n g  the  s a l t  concen- - 

t r a t i o n  i n  t h e  s o l u t i o n  phase was s e l e c t e d  s i n c e  s a l t  had  a l r e a d y  

been shown t o  reduce s w e l l i n g  ( 1 0 ) .  The o b j e c t i v e  was t o  de te rmine  

i f  - b  r e g u l a r l y  decreased  as c o n c e n t r a t i o n  i n  t h e  s o l . u t i o n  phase 

decre,ased - w i t h  t h e  i n t e n t  of e x t r a p o l a t i n g  t h e  - b  v a l u e s  t o  ze ro  

s a l t  c o n t e n t .  

PROCEDURE : 

The exper imenta l  p rocedures  and c l a y  samp1.e~ f o r  the  "demix" 

s t u d y  were t h e  same a s  o u t l i n e d  i n  t h e  1968 Annual Repor t ,  excep t  t h a t  

the cl-spacings were  determined u s i n g  a  d i f f e r e n t  x-ray d i f f r a c t o m e t e r .  

8- 10 
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A subsample o f  Na-Wyoming b e n t o n i t e  from the  "demix" s t u d y  was  

used i n  t h e  s t u d y  t o  conf i rm t h e  v a l i d i t y  of t h e  c o r r e c t e d  f ree - swel l -  

in% e q u a t i o n .  'Yhc Na-bentonite f o r  tE.1 is s t u d y  was s p l  i t  i n t o  f o u r  

subsamples ,  d r i e d  o v e r  I' 0  t h e n  each s tbsample  was r c h y d r a t e d  t o  
2  5 "  

l g  11 O/g c l a y  u s i n g  one each of the  f o u r  N a C l  s o l u t i o n s :  0 .100 ,  
2  

0 .010 ,  0.100 o r  0.300 N.  Each c l a y - s a l t  combinat ion was thoroughly  

mixed i n  a  v i a l ,  s t o p p e r e d  t o  e l i m i n a t e  e v a p o r a t i o n ,  then  s t o r e d  Eor 

two weeks ~ i _  t h  o c c a s i o n a l  mixing.  

Tlie f o u r  subsamples d e s c r i b e d  p r e v i o u s l y  were  then  a l l .  f u r t ! ~ e  r 

Again,  t h e  samples  were  mixed, s t o p p e r e d ,  and e q u i l i b r a t e d  f o r  two 

weeks. The d-spacings  were  de te rmined  o n , t h e s e  c l a y  p a s t e s  u s i n g  

t h e  same low-angle t e c h n i q u e s  p r e v i o u s l y  d e s c r i b e d ,  

RESULTS : 

The p l o t s  of  d-spacing v e r s u s  t o t a l  w a t e r  c o n t e n t  ( W  ) f o r  rhe 
t 

h i g h e r  ESP v a l u e s  s t u d i e d  a r e  shown i n  F i g u r e  6 .  The s l o p e s  a t  ESP = 91 
2 

and ESP = 50 were  n e a r l y  t h e  same, a t  approx imate ly  u/800 m / g .  As 

n o t e d  p r e v i o u s l y ,  s u c h  b e h a v i o r  i n d i c a t e s  random mixing of  exchange- 

a b l e  c a t i o n s  on t h e  excl?ange complex. F u r t h e r  s u p p o r t  f o r  random 

mixing o f  t h e  Na- and Ca-ions a t  ESP = 57% and h i g h e r  was p rov ided  

by the  complete absence of any d e t e c t a b l e  20A phase  a t  t h e  h i g h e r  

w a t e r  c o n t e n t s ,  i .e .  g r e a t e r  t h a n  approx imate ly  1 .25 g/g .  

There was d e f i n i t e  e v i d e n c e ,  however,  of  c a t i o n  demixing a t  ESP 

l e v e l s  o f  78 and 29X. 'l't-ie x-ray c l i f f r ac tograms  i n  t l~ i s  range gave 

peaks f o r  two r e p c a t  s p a c i n g s ,  one a t  o r  n e a r  20A cor respond ing  t o  

a Ca-phase , and a n o t l ~ e r ,  a  low-angle peak cor respond ing  t o  a  Na- 

phase .  The s l o p e s  of  t h e  s w e l l i n g  l i n e s  i n  t h i s  ESP range were a l s o  

sul)st ;intial.Iy g r e a t e r  titan u/800.  A l  tllough i o n  demixing clef i n i  t c  1 y 

o c c u r r e d ,  t h e  e x t e n t  of t h i s  demixing w a s  f a r  from comple te .  For 

complete demixing,  t h e  s l o p e s  of t h e  ESP 38 and 29% samples  s h o u l d  

have been approx imate ly  u/300 and ~ 1 2 4 0 ,  r e s p e c t i v e l y  , r a t h e  r t h a n  

~ 1 6 6 0  and u/400 sl~own i n  F i g u r e  6 .  l%e Na-ions a p p a r e n t l y  e x e r t e d  
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an  undue i nf 1.uence i n  promot ing t h i s  f ree-swel l  i n g .  Thc o b s e r v a t i o n  

t h a t  no 20A pllase e x i s t e d  f o r  ESP l e v e l s  g r e a t e r  t h a n  57% was 

Eur t l ier  ev idence  f o r  t h e  enhanced i n f l u e n c e  o f  Na-ions i n  domina Ling 

t h e  s w e l l i n g  b e h a v i o r  o f  t h e  sys tem.  

The l i n e s  through t h e  low-angle (h igh d-spacing)  d a t a  p o i n t s  a t  

ESP 29 and ESP 38 i n  F i g u r e  6 were  drawn by visual .  i n s p e c t i o n  o n l y .  

The x-ray d a t a  werc  n o t  o f  s u f f i c i e n t  qua]- i ty  t o  j u s t i f y  t h e  u s e  of 

s (  a t F s t i  c s  t o  c s t n b l  Lsh exact. s Lopcs and i n i c r c c p L s .  'rhe i n t c r c ' c p t s  

s e l e c t e d  (10A) were  a  compromise bet-ween t h e  domain demnixing and t h e  

a l t e r n a t e  l a y e r  demixing h y p o t h e s e s .  The x-ray t e c h n i q u e s  used i n  

t h i s  exper iment  thus  d i d  n o t  permi t e s t a b l i s h i n g  whc the  r t l ~ c  dcrnixing 

was by domain or by a l t e r n a t e  1 a y c r s  . llope f u l l y  , i~np  roved low-angle 

x-ray d i f f r a c t i o n  t e c h n i q u e s  w i l l  b e  developed t o  a i d  i n  r e s o l v i n g  

t h i s  i s s u e .  

The i n i t i a l  n o n l i n e a r  p o r t i o n  of  t he  s w e l l i n g  c u r v e s  a t  ESP 29 

and ESP 38 i n  F i g u r e  6 a p p a r e n t l y  r e p r e s e n t s  a  "jump" a t  the  p o i n t  

o f  i n i t i a t i o n  of  osmot ic  s w e l l i n g  i n  t h e  s y s t e m s .  T h i s  b e h a v i o r  i s  

s i m i l a r  t o  t h e  "jump" i n  s p a c i n g  recorded  by N o r r i s h  (10)  and o t h e r s  

( 9 ,  1.1) f o r  homoionic Na-Wyoming b e n t o n i t e .  Ilowever, f o r  homoionic 

Na-bentoni te ,  t h e  recorded  jump was on ly  from abou t  20A t o  35A, 

wherens f o r  t h c  two inixecl-ion c - l a y s ,  i r was from 20A t o  50.4 and  from 

)0A t o 1 20A, rcv;pc\c3L i vcb 1  y . ' I ' I I~~  p rc,s(hric .c l  o I' soini> (::I- i OIW i n 11 r ~ * c l o n ~  i - 

nanL l y  Na-saLuratcbtl rej:ions prol)ahiy i u c r e a s e s  Cuu loml~ic  f o r c c s ,  s o  

t h a t  a  g r e a t e r  s w e l l i n g  p o t e n t i a l  was n e c e s s a r y  b e f o r e  t h e s e  reg ions  

could  "jump1' i n t o  t h e  osmot ic  s w e l l i n g  r e g i o n .  

X-ray c l i f f r ac tograms  Por a  sample w i t h  ESP o f  1 2  showed e v i d e n c e  

f o r  on ly  t h e  20A s p a c i n g  o f  comnpl e t e l y  h y d r a t e d  Ca-montmori l loni te .  

Admi t t ed ly ,  s rnal l  q u a n t i t i e s  of  f r e e - s w e l l i n g  Na-clay i n  a  predomi- 

n a n t l y  Ca-satura ted  sys tem cou ld  go unde tec ted  u s i n g  the  method. 

However, t h e s e  d a t a ,  when coupled w i t h  those  of p r e v i o u s  i n v e s  t i g a -  

t o r s ,  s u g g e s t  t h a t  a t  low ESP v a l u e s  mixed-ion c l a y s  e x i s t  as 

t a c  t o i d s  , w i t h  t h e  i n t e r l a y e  r exchange s i t e s  predominant ly  Ca- 

s a t u r a t e d ,  and w i t h  t h e  e x t e r n a l  exchange s i t e s  p redominan t ly  Na- 

s a t u r a t e d .  
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'f'tie cxper imcri ta l  r e s u l t s  p e r t a i n i n g  t o  t h e  e f f e c t s  o f  s a l t  o n  

t h e  sweJ l ing  o f  a  Na-montrnorillonite a r e  shown i n  F i g u r e  7 .  The 

d-spacing i s  a  l i n e a r  f u n c t i o n  o i  t o t a l  w a t e r  c o n t e n t  (Wt), a t  

l e a s t  f o r  t h e  t h r c c  tiios t d i l u t e  s a l t  c o n c e n t r a t i o n  s e r i e s .  Sur- 

p r i s i n g l y ,  t h e  two most d i l u t e  s o l u t i o n  s e r i e s  of 0 . 0 0 1  and 0.010 - N 

had i d e n t i c a l  - b  v a l u e s ,  and e q u a l l y  s u r p r i s i n g ,  t h a t  v a l u e  was 

z e r o .  The o r i . g i n a l  i n t e n t  of r e l a t i n g  - b  t o  s a l t  c o n c e n t r a t i o n  thus  

was thwar ted .  

dowever, i n c r e a s i n g  t h e  s a l t  c o n t e n t  of t h e  i n i t i a l  sample t o  

0 . 1  N d i d  r e t a r d  i n t e r l a y e r  s w e l l i n g  throughout  t h e  d i l u t i o n  range 

t c ~ s t ~ d  (1) = 0 .  18) . I n c rcas  i n g  c o n c e n t r a t  ion of 0 .  3 N c.oll:zl)secl t l l r .  

c l a y  t o  t h e  w t a - s t a b l e  20h pilase, bu t  osmotic s w e l l i n g  was i n i t i n t c d  

i n  t h i s  sample by d i l u t i o n  w i t h  wa te r .  A - b  v a l u e  o f  0 . 2 5  is l i s t e d  

f o r  t h i s  0 . 3  N s e r i e s ,  even though no d e f i n i t e  l i n e a r  s w e l l i n g  r e g i o n  

e x i s t e d .  Thus,  t h e  v a l u e  h a s  seemingly c y c l e d  f o r  approximately  

b  = 0 . 1  f o r  a  z e r o  s a l t  c o n t e n t  (Tab le  3) , then  decreased  t o  b  = 0  --- - 

f o r  a  low s a l t  c o n t e n t ,  on ly  t o  i n c r e a s e  a g a i n  t o  - b  = 0 . 1 8  and . 2 6  

a s  s a l t  c o n t e n t  i n c r e a s e s  s t i l l  f a r t h e r .  The r a t i o n a l e  f o r  r e l a t i n g  

t h i s  a p p a r e n t  c y c l i n g  of b  - a s  a  f u n c t i o n  of s a l t  c o n t e n t  t o  c l a y  

phys i c a l  o r  chemical  p r o p e r t i e s  i s  obscure .  

Th is  seeming i n c o n s i s t e n c y  i n  t h e  1, v a l u e ,  coupled w i t h  t h o s e  

a l r e a d y  shown i n  t h e  d a t a  i n  Tab le  3 ,  s u g g e s t s  t h a t  t h e  c a u s a l  

a g e n t s  o f  t h e s e  i n c o n s i s t e n c i e s  may b e  v a r i a t i o n s  i n  e x p e r i m e n t a l  

t echn iques  of c l a y  p r e p a r a t i o n  o r  p o s s i b l e  e r r o r s  a s s o c i a t e d  w i t h  

t h e  d-spacing d e t e r m i n a t i o n s ,  o r  p o s s i b l y  o t h e r  unknown f a c t o r s .  

Ohvioi~,.i l y ,  r u r t h c r  c l o s c l y  c o n t r o l l e d  and m e t i c u l o u s l y  a c c u r a t e  

e x p e r i m e n t a t i o n  i s  c a l l e d  f o r .  

The - b  v a l u e ,  i f  d e t e r m i n a b l e ,  p r o v i d e s  a  means f o r  e s t a b l i s h i n g  

t h e  p r o p o r t i o n  of t h e  t o t a l  w a t e r  of h y d r a t i o n  t h a t  i s  a s s o c i a t e d  

w i t h  c x t e r n a l  and n o n - f r e e - s w e l l g  s u r f a c e s ,  i . e .  ( a  - + - bWt) / W t .  

The -- b v a l u e ,  i f  c o n t r o l l a b l e  a t  z e r o  o r  some c o n s i s t e n t  v a l u e  by 

nlanipula t ion o f  c l a y  p r e p a r a t i o n  p rocedures ,  p r o v i d e s  a  means f o r  

extremely a c c u r a t e  d e t e r m i n a t i o n  of t h e  i n t e r n a l  s u r f a c e  a r e a  of 
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Lhesc I rce-swel l  i u g  c l a y s  and thus  s h o u l d  l e a d  t o  a c c u r a t e  quant  i- 

ta t . iv t3  dctc>rmi-nalion of- t h e  f r ee - swe l l ing  c l a y  p o r t i o n  i n  c l a y  type 

m i x t u r e s .  01 cot l rse ,  il: one is c o n t e n t  w i t h  about  15  t o  20% accuracy  

i n  tlte d e t e r m i n a t i o n  of i n t e r n a l  s u r f a c e  a r e a  u s i n g  t h i s  s w e l l i n g  

t echn ique ,  one may s imply  assume -. b = 0 ;  o r  one may a c q u i r e  a  b i t  

more s u p e r E i c i a l  s o p h i s t i c a t i o n  (+ -- 10% accuracy)  by assuming t h a t  

f o r  most Na- and L i -montmor i l lon i t e s  b  = 0 , l o .  C e r t a i n l y  t h i s  

m a t t e r  01 f i t t i n g  t h e o r e t i c a l l y  sound e q u a t i o n s  t o  f r e e - s w e l l i n g  

d a t a  p l o t s  i s  n o t  complete ly  r e s o l v e d .  

SlJkPlARY AND CONCLUSIONS : 

H y p o t h e t i c a l  models f o r  t h e  c r y s t a l l i n e ,  i n t e r l a y e r  s w e l l i n g  of  
4- 2-t 

mixc4- i o n  (Na and Ca s a t u r a t e d )  morztmori Llorli t e s  i XI w a t e r  were 

developed f o r  two types  of c a t i o n i c  d i s t r i b u t i o n s  on t h e  c l a y  

rr l inerals:  namely, f o r  complete  demixing and f o r  complete  random 

mixing of c a t i o n s .  I n  a d d i t i o n ,  t h e  model f o r  demixing was expanded 

t o  i n c l u d e  b o t h  t h e  a l t e r n a t e  l a y e r i n g  of Ca- and Na-satura ted  

p l a t e l e t s  and t h e  c o n p l e t e  demixing of  c a t i o n s  i n t o  s e p a r a t e  Na- and 

Ca-domains . The t h e o r e t i c a l  development is  based on t h e  accep ted  

p r i n c i p l e s  of  l i m i t e d  i n t e r l a y e r  s w e l l i n g  (10A maximum) f o r  Ca-mont- 

n r o r i l l o n i t e ,  and f r e e - s w e l l i n g  f o r  Na-montmoril lonite as t h e  w a t e r  

c o n t e n t  o f  t h e  sys tem i s  i n c r e a s e d  beyond approx imate ly  120%. Exper i -  

men ta l  measurements of  i n t e r l a y e r  s w e l l i n g  u s i n g  a  low-angle x-ray 
+ 

d i f f r a c t i o n  t echn ique  showed t h a t  t h e  r e l a t i v e  d i s t r i b u t i o n  of  Na and 

ca2' i o n s  o n  t h e  c l a y  exchange complex was a  f u n c t i o n  of  t h e  exciiange- 

a b l e  sodium p e r c e n t a g e  (ESP): (1) t h e  two c a t i o n s  were randomly 

mixed f o r  ESP v a l u e s  g r e a t e r  t h a n  approx imate ly  50%; ( 2 )  they -were 

p a r t i a l l y  demixcd f o r  131 '  va l  ues between approx imate ly  50 and l5X, 

and ( 3 )  f o r  ESP v a l u e s  l e s s  than  approximate ly  LO t o  15% no c a t i o n  

dei t ix ing i n  i n t e r l a y e r  r e g i o n s  w a s  e v i d e n t ,  b u t  t h e  r e s u l t s  d i d  

s u g g e s t  t h a t  t h e  i n t e r l a y e r  exchange complex was predominant ly  Ca- 

s a t u r a t e d  and t h e  cxcllange complex on e x t e r n a l  s u r f a c e s  was predomi- 

n a n t l y  Na-sa tu ra ted .  Al-though t h e  e x p e r i m e n t a l  t e c h n i q u e s  could  

e s t a b l i s h  t h a t  demixing o c c u r r e d  w i t h i n  c e r t a i n  r a n g e s  o f  ESP v a l u e s ,  
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i t w;lh riot s e m i  ti vc' cbnou&$t t o  d i f f c r e n t i n t e  betwcen dewixing by 

domains and demixing by a l t e r n a t e  l a y e r s  . 
The consequences of  such  demixing of  exchangeable  c a t i o n s  on 

c l a y  may i n c l u d e  s o i l  s t r u c t u r a l  a l t e r a t i o n  through p r e f e r e n t i a l  

e r o s i o n  of  any Na-clay p o r t  i o n ;  a l s o ,  l o c a l i  zed demixing could  

i n f l u e n c e  i o n  d i f f u s i o n ,  w a t e r  movement , s h r i n k - s w e l l  p r o p e r t i e s  

and d i s p e r s i o n  o f  s o i l  m a t e r i a l s .  

Also ,  an  e q u a t i o n  was p r e s e n t e d  which d e s c r i b e s  t h e  l i n e a r  

expans ion  of f r e e - s w e l l i n g  Na- and L i - s a t u r a t e d  rnon tmor i l lon i t e  

c l a y s  i n  w a t e r .  An  a t t e m p t  was made t o  r e l a t e  t h e  s l o p e - i n t e r c e p t  

t e rms  of  t h e s e  d-spacings  v e r s u s  t o t a l  w a t e r  c o n t e n t  p l o t s  t o  

t h e o r e t i c a l l y  a c c e p t a b l e  pa ramete r s .  B a s i c a l l y ,  p r o v i s i o n  was 

accorded  f o r  t h e  p r e s e n c e  of  a  measurable  p o r t i o n  o f  t h e  t o t a l  

w a t e r  p r e s e n t  b e i n g  a s s o c i a t e d  w i t h  non- f ree - swel l ing  

m i n e r a l  s u r f a c e s  : ( I )  a  c o n s t a n t ,  normal ly  s m a l l  p o r t i o n  b e i n g  

r c l c g n t e d  t o  tfic i n t e r c c p t  term of tihe e q u a t i o n ,  and ( 2 )  a p o r t i o n  

wt~iclr i n c r e a s e s  p ropor  t i o ~ ~ a t e l y  as the  t o t a l  w a t e r  c o n t e n t  i n -  

c r e a s e s ,  b e i n g  r e l e g a t e d  t o  t h e  s l o p e  term. The e q u a t i o n  t h u s  

pe rmi t s  a q u a n t i t a t i v e  d i f f e r e n t i a t i o n  of  t h e  w a t e r  of c l ay-  

swpl l in i :  betwt.cn i n t e r n a l  and  cxt  e r n a  l c l a y  s u r  f ace  p o s i t  i o n s ,  a n d  

f u r t h e r  d i f f e r e n t i a t e s  t h e  e x t e r n a l  w a t e r  i n t o  a  f i x e d ,  hygroscop ic  

p o r t i o n  and a  p o r t i o n  which i n c r e a s e s  propor t ionate1.y  a s  t h e  t o t a l .  

w'licr i n  t h e  systertr i n c r c a s c s .  
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Table 1. Sources of the 41 adsorption isotherms used in this study; inc,: adsorbate, adscrbent, 

pressure range covered, and number of data points for each. 

Ref 
adsorbate 
adsorbent 

pipo adsorbate 

range 

PIP, 
range 

1 1 Martin (I); H2@- 

Li-kaolinite 
Ha-kaolinite 

1 / Jurinak (2); H O- 2 

Li, Ba, Ca, AL-kaolinite 
Na, Li (Peerless)- 

8 kaolinite 
i 

d Hill (3) ; CC1,- 2/  

kaolinite 
21 Orchiston (4); H20- 

unheated: 
Ariz. montnorillonite, 
illite, green sand, 
silica gel 

heated (600 C) : 
mont., illite, 
green sand, 
silica gel 

0.002-0.77 I! 
25 1 Cary et al. (6); H,G- 

0,003-0.92 20 

Orchiston (5); H 2 d 1  

7 soils 0.081-0.842 14 

I Jurinak & Vslman (7) ;  ED^' 

0.2-0.97 10 

0.2-0.9 8 

0,04-0 -8 
22 1 5 soils 

1 soil 

Millville soil 
14.8 C 
24.8 C 
34.8 C 

3 1 Jackson (8) ; H20- 

1 2 soils, 3 isotherms 0,118-0.97 11 

11 published data - 
21 from published smoothed curve - 

0.1-0.9 9 
0.1-0.8 8 

31 some data not previously published - 
41 number of data points - 

2 soils, 5 isotherms 0.03-0.84 13 
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Equation Linear form 
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Table 3 ,  Parm..eters f o r  d e s c r i b i n g  f r ee - swe l l i ng  d a t a  u s ing  equa t ion  (8) 

Reference 
C Lay 

Yineral  
Yontmori 1- In re rna1  Surface Area 
I o n i t e  Theo re t i ca l  Swe 11 i n @  

F.R.T. 

??a-S?yoming 
ben ton i t e  

1 r 

(p lu s  k a o l i n i t e )  
I I 

Li-Wyoming 
b e n t o n i t e  

I !  

Li-Otay ben ton i t e  

L i -hec to r i t e  

L i -nont roni te  

LOO 

100 

100 

100 

90 

7 0  

5 0  

3 0 

100 

100 

100 

10 0 

LO0 

100 

- - 

$Computed from swe l i i ng  d a t a  u s ing  equa t ion  (8) ,  assuming b = 0. 

,. ,. "-'%ornputed f r o m  s w e l l i c g  da ra  u s ing  equa t ion  (81, assuming t h e  t h e o r e r i c a i  p l ana r  su r f ace  a r e a  f o r  S i ' 
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L L O Y D  S O I L  

S i  C I  

Figure 1. Adsorption - rate study of methyltrichlorosilane on 
Lloyd soil: N2 gas only from t to point A; N carrier 

0 2 
plus M S .  C1 from A to 8 ;  N2 gas only beyond point Ii. 

e l  3 
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F i g u r e  2. Adsorption isotherms of water on a  LLoyd s o i l  before  
and a1 tcr t r e a t ~ n e n t  with mnethyl t r ichlorosi lane.  

8- 2 1. 
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Figure  3 ,  The adsorp t ion-desorp t ion  isotherms of wate r  on an 
Adelanto loam s o i l  p l o t t e d  a s  amount adsorbed v e r s u s  
r e l a t i v e  vapor  p r e s su re ,  and then  r e p l o t t e d  accord ing  
t o  t h e  proposed log f u n c t i o n s ,  
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ADSORPTION EQUATIONS 

BET FHH BJ  DK F 

Figure 4 .  D i s t r i b u t i o n  of t h e  l i n e a r  c o r r e l a t i o n  c o e f f i c i e n t s  ( r )  
of b e s t  f i t  f o r  s i x  equa t ions  used f o r  d e s c r i b i n g  the  
adso rp t ion  isotherms of 41 c l a y  and s o i l  adsorbents ,  
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Figure 5 ,  Hypothetical free-swelling curves of a rnontmorillonite as a function of increasing 
b,  assuming 2 remains constant. - 
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g- 
o I 2 3 4 

TOTAL WATER CONTENT, Wt ( g / g )  

Figure 6.  Swelling of Na-, Ca-Wyoming ben ton i t e  i n  water systems as 
a f f e c t e d  by ESP and degree of demixing of t he  two exchange- 
ab l e -ca t ion  types.  
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TOTAL WATER CO TENT, W, (¶/9 ) 
B 

Figure 7. Free-swelling of a Na-Wyoming bentonite in salt solutions. 
Closed symbols denote starting salt concentrations, open 
symbols denote increasing dilutions of original samples 
with distilled water. 
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TITLE : TEZE USE OF FLOATING SOLID APJD GRANULAR PIAIIERJ&S 

TO REDUCE EVAPOWION FROM WATER SURFACES 

CRlS WORK. U2dIT 1 SWC-Of 8-gC-2 CODE NO. : Ariz  .-WCL-67-3 

INTWZIU~ZON : 

The search  f o r  p r a c t i c a l  f l o a t i n g  ma te r i a l s  to  reduce evapora- 

t i o n  l o s s e s  w a s  cont inued during 1970 (see 1968, 1969 Annual Reports 

WCX, 67-3). An experiment w a s  conducted t o  determine the  e f f i c i e n c y  

and d u r a b i l i t y  of  t h r e e  samples of wax ch ips .  A sample of foamed 

b u t y l  rubber w a s  a l s o  t e s t e d  t o  compare i ts  e f f i c i e n c y  wi th  two 

o the r  previously t e s t e d  b u t y l  covers ,  

Y R O C E D W  : 

The experiments were conducted from 8 June t o  9 November 1970 

on four  i n s u l a t e d  evapora t ion  tanks .  One t a d  w a s  l e f t  open and 

used as a re ference  throughout the experiments.  

During the f i r s t  experiment ,  t h r ee  wax samples s u p p l i e d  by 

Mobil O i l  Corporation were t e s t e d .  The samples were wh i t e  and 

cons is ted  of i nd iv idua l  p a r t i c l e s  2.5 cm X 2.5 cm x 0.3  cm t h i c k ,  

o r  sma l l e r .  One sample w a s  a r egu la r  hot-melt wax, and the o t h e r  

two were pigmented, con ta in ing  e i t h e r  calcium carbonate  o r  f l o c c u l e n t  

diatomacious c lay  as t h e  pigment. These t h r e e  samples were p laced  

on tanks 4 ,  3 ,  and 1, r e s p e c t i v e l y ,  on 8 June ,  and evapora t ion  

measurements were recorded u n t i l  1 September, 

The second experiment began on 8 September and continued 

until .  9 November. I n  t h i s  experiment a s h e e t  of wh i t e ,  o r  cream 

colored ,  foamed b u t y l  rubber suppl ied  by Se 

Lrd, was compared with covers of green foamed butyl. and wh i t e  

b u t y l .  The covers were p laced  on tanks 3,  1, and 4 ,  r e s p e c t i v e l y ,  

and evapora t ion  measurements recorded.  

RESULTS AND DISCUSSION: 

0 th  plgn~ented wax samples covered &out 40% of the s u r f a c e  

a rea  of t he  t anks ,  and reduced evapora t ion  by 25% during che f i r s t  

week. The r e g u l a r  hot-melt wax covered about 90% of the  s u r f a c e ,  

and reduced evapora t ion  38% dur ing  the  s a  per iod .  Af t e r  f i v e  weeke 
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t h e  e f f i c i e n c y  of a l l  t h r e e  samples had decreased such t h a t  a l l  

were e s s e n t i a l l y  t he  same (16-19%). A t  the conclus ion  of t he  

s tudy ,  a  t o t a l  of 12  weeks, the  e f f i c i e n c y  of the  r e g u l a r  ho t -  

melt wax was only 21%. The e f f i c i e n c y  of the  two pigmented samples 

remained e s s e n t i a l l y  const a n t  a f t e r  f i v e  weeks, ending a t  18-20%, 

I n  a l l  cases  the reduct ion  i n  e f f i c i e n c y  w a s  probably due 

t o  oxida t ion  of t h e  wax when exposed t o  the elements;  t he  hot-melt 

wax being p a r t i c u l a r i l y  s u s c e p t i b l e .  The f i n d  e f f i c i e n c i e s  were 

n o t  of s u f f i c i e n t  magnitude t o  warrant  f u r t h e r  t e s t i n g  of t hese  

samples. Other types of wax a r e  being procured f o r  t e s t i n g  which 

do not  ox id ize  as r ap id ly  and should be more e f f i c i e n t .  

The purpose of t he  second experiment was t o  compare t h e  

Segmented Swimming Pool (SSP) foamed b u t y l  cover aga ins t  some pre-  

viously t e s t e d  covers of high e f f i c i e n c y .  A t  the  end of t he  n i n e  

week s tudy pe r iod ,  e f f i c i e n c i e s  of 71, 74, and 74% were obtained 

f o r  the green, SSP, and whi te  b u t y l  covers ,  r e s p e c t i v e l y ,  The 

a r e a  covered w a s  a l s o  e s s e n t i a l l y  the same i n  a l l  ca ses  (81% - +- 1%).  

A h ighly  e f f i c i e n t  cover  of t h i s  t.ype could be use fu l  i n  reducing 

evaporat ion l o s s e s  i f  a  method was developed t o  prevent  wind 

damage, and i f  the cos t  was low enough. A t  t h e  p r e s e n t  t ime the 

SSP ma te r i a l  c o s t s  $3.09/m2. This means t h a t  i f  i t  w a s  assumed 

that one meter of water  p e r  u n i t  a r e a  pe r  yea r  was saved,  t h e  

c o s t  of the  saved water  would be about $10/1,000 ga l lons .  Since 

t h e  cover is supposed t o  l a s t  f o r  20 y e a r s ,  t h i s  c o s t  would be 

reduced t o  $.50/1,000 ga l lons .  The h igh  i n i t i a l  c o s t  and r e l a t i v e l y  

high average c o s t  of water  provided by t h i s  cover would limit i t s  

use t o  only a  few l o c a t i o n s .  

STJMMARY AND CONCLUSIONS : 

The evaporat ion reduct ion  e f f i c i e n c y  of t h r e e  wax samples 

t e s t e d  decreased from i n i t i a l  values of 24, 25, and 38% t o  values 

of 17 ,  16 ,  and 19%, r e s p e c t i v e l y ,  a f t e r  s i x  weeks. F ina l  e f f i -  

c i enc i e s  a f t e r  1 2  weeks were 20, 18 ,  and 11%, respec t ive ly .  The 

9-2 

Annual Report of the U.S. Water Conservation Laboratory



decrease was probably due t o  ox ida t ion  of the wax. Since the  over- 

a l l  e f f i c i e n c y  of these  ma te r i a l s  was s o  low, no f u r t h e r  t e s t s  a r e  

planned; h m e v e r ,  o t h e r  types of wax w l l l  be t e s t e d .  

A cream colored ,  foamed b u t y l  cover w a s  very e f f i c i e n t  i n  

reducing evapora t ion  (74% wi th  81% covered) and compared c lpse ly  

with green and wh i t e  b u t y l  covers prev ious ly  t e s t e d .  

PERSONNEL: Keith R. Cooley - 
CURBENT TERMINATION DATE: December 1970, 
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TITLE : EVAPORATION OI: WATER FROM SOIL 

CRIS WORK UNIT: SWC-018-gG-2 CODE NO. : Ariz.-WCL-68-1 

INTRODUCTION: 

The o b j e c t i v e  and need f o r  t h e  r e s e a r c h  documented i n  t h i s  

o u t l i n e  appears  i n  t h e  USWCL 1969 Annual Repor t .  A f i e l d  e x p e r i -  

rwnt was conducted d u r i n g  1970 i l l  which s o i l - w a t e r  c o n t e n t  and 

s o i l  t empera tu res  were measured a s  a  f u n c t i o n  of  d e p t h  and t ime 

under h igh  e v a p o r a t i n g  c o n d i t i o n s .  Th i s  exper iment  i s  d e s c r i b e d  

i n  Part: T. The 1969 r e p o r t  covered t h e  l a b o r a t o r y  phase of the  

development o f  a  gamma-ray t r a n s m i s s i o n  a p p a r a t u s  f o r  measuring 

s o i l - w a t e r  c o n t e n t  i n  t h e  f i e l d .  The development has been e s s e n -  

t i a l l y  completed and t h e  f i e l d  r e s u l t s  a r e  p r e s e n t e d  a s  P a r t  I1 

of  t h i s  r e p o r t ,  P r e l i m i n a r y  work on a  d e t a i l e d  exper iment  t o  

d e l i n e a t e  w a t e r  movement by d i f f u s i o n  and mass f low th rough  

mulches i s  r e p o r t e d  i n  P a r t  111. 

PALiT I. SOIL- WA'l'ER CONTENT AND TEMPERATURE CHANGES WITll DEPTH AND 

TIME D U R I N G  EVAPORATION. 

I n i t i a l l y ,  a f t e r  a  r a i n  o r  a n  i r r i g a t i o n ,  t h e  e v a p o r a t i o n  l o s s  

of  wa te r  from a  b a r e  s o i l  i s  c o n t r o l l e d  l a r g e l y  by m e t e o r o l o g i c a l  

c o n d i t i o n s .  A s  t h e  s u r f a c e  d r i e s  t h e  r a t e  of  w a t e r  inovernent t o  t h e  

s o i l  s u r f a c e  becomes t h e  predominant f a c t o r  d e t e r m i n i n g  t h e  r a t e  of 

w a t e r  l o s s .  The r a t e  o f  w a t e r  movement i s  dependent upon s o i l -  

wa te r  c o n t e n t  a n d  t empera tu rc .  A s  e v a p o r a t i o n  proceeds ,  t h e  s o i l -  

w a t e r  c o n t e n t  d e c r e a s e s ,  d e c r e a s i n g  t h e  r a t e  o f  w a t e r  movement. 

Temperature g r a d i e n t s ,  i n  g e n e r a l ,  cause  w a t e r  t o  f low downward 

d u r i n g  t h e  day and upward a t  n i g h t .  The n e t  e f f e c t  of  w a t e r  

c o n t e n t  and t empera tu re  g r a d i e n t s  on t h e  e v a p o r a t i o n  of  w a t e r  from 

s o i l  i s  ve ry  complex. T h i s  r e p o r t  d e s c r i b e s  an  exper iment  i n  

which w a t e r  c o n t e n t  and t empera tu re  were measured a s  a f u n c t i o n  

of  time and dep th ,  a long  w i t h  v a r i o u s  m e t e o r o l o g i c a l  pa ramete r s .  

Some background exper iments  on e v a p o r a t i o n  of  w a t e r  Srorm b a r c  s o i l  

( l y s i m e t e r  s t u d i e s )  a r e  g i v e n  on pages 151-182 o f  t h e  1961 Annual 

Repor t  of  t h e  USWCL. 
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EQUIPE,NT AND PROCEDURES : 

The exper iment  was conducted i n  t h e  l y s i m e t e r  f ielcl a t  the  

U .  S ,  Water Conserva t ion  Labora to ry .  Loca t ion  of  i n s t r u m e n t s  and 

s o i l  sampling s i t e s  a r e  shown i n  F i g u r e  1. On 1 0  J u l y  1970, 

b a s i n s  2  and 3  and l y s i m e t e r s  2  and 3  were  f looded  w i t h  wa te r  t o  

a n  average d e p t h  o r  abou t  1 0  cm. Th i s  i r r i g a t i o n  took approximate ly  

3 hours .  Basin 1 and l y s i m e t e r  1 remained d r y .  

Var ious  s e n s o r s  were p laced  i n  Locat ions  9 through 14 (F igure  

1 ) ; in t i  w o r t t  i 11 t i ~ r c ) g , a ~ r ~ < l  ar~tl ~*c~coi-tic.d ctvclry I1;1 1 1 I ~ o u i - ,  I 11(1 i 11 l o r  - 

m a t i o ~ ~  b e i ~ l g  punched on paper t a p e .  S i t c  #9 c o n t a i n e d  4 miniature 

n e t  r a d i o m e t e r s ,  two a t  20 cm above t h e  s o i l  s u r f a c e  and two a t  

50 cm above t h e  s u r f a c e .  An i n v e r t e d  Epley pyrohe l iomete r  was 

l o c a t e d  a t  s i t e  10  t o  measure r e f l e c t e d  s h o r t  wave r a d i a t i o n .  

S o i l  t empera tu res  w i t h  copper c o n s t a n t a n  thermocouples were measured 

a t  Locat ion 11. Inc luded  were two thermocouples a t  t h e  s o i l  s u r f a c e ,  

two a t  1-cm dep th ,  two a t  2-cm dep th ,  one thermocouple a t  3  cm, two 

a t  4 cm, and one a t  e a c h  o f  t h e  fo l lowing  d e p t h s  : 5 cm, 7 cm, 8 cm, 

10  cm, 16 cm, 32 cm, 64 cm, and 128 cm. 

In b a s i n  3, incoming s h o r t  wave r a d i a t i o n  was recorded  a t  

s i t e  # l2 ,  w h i l e  vapor  p r e s s u r e  and a i r  t empera tu re  were measured 

a t  20 and 50 cm above t h e  s o i l  s u r f a c e  a t  s i t e  1 3 ,  In a d d i t i o n ,  

a t  s i t e  13, two e x p e r i m e n t a l  h e m i s p h e r i c a l  r a d i o m e t e r s  were p laced  

a t  at1 e l e v a t i o r i  o f  215 crn above t h e  s o i l  s u r f a c e .  W i ~ ~ d s p e e d  a t  10,  

45, 85, and 170 cm was measured a t  s i t e  14, 

Gravime t r i c  s o i l  samples were t aken  e a c h  h a l f - h o u r  pe r iod  

s t a r t i n g  a t  0530, 11 J u l y  1970, and ending a t  2200, 17 J u l y  1970. 

S o i l  samples were t a k e n  i n  s i t e s  4 th rough  8  i n  b a s i n  2  i n  

t h e  fo l lowing  manner. An OakEield probe was pushed i n t o  t h e  s o i l  

t o  a  d e p t h  o f  1 0  crn on t h e  hour and t o  a  d e p t h  o f  4 cm on t h e  h a l f -  

hour ,  Then t h e  s o i l  c o r e  was s l i c e d  i n t o  1-cm inc rements  s t a r t i n g  

From t h e  t o p .  The f i v e  samples a t  each  dep th  f o r  each  t ime pe r iod  

were p laced  i n  a  c o n t a i n e r  f o r  g r a v i m e t r i c  w a t e r  c o n t e n t  c le ter -  

m i n a t i o n ,  A l l  samples were t a k e n  a t  random i n  t h e  f i v e  s i t e s .  
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S o i l s  were d r i e d  f o r  12 hours  i n  a  f o r c e d  d r a f t  oven a t  104 C .  

Bulk d e n s i t y  samples were a l s o  t a k e n  u s i n g  t h e  Oakf ie ld  probe 

and t h e  s o i l  sampler  d e s c r i b e d  i n  t h e  U. S. S a l i n i t y  Handbook 60.  

Both p i e c e s  of  equipment y i e l d e d  s i m i l a r  b u l k  d e n s i t i e s  w i t h  d e p t h .  

RESULTS AND DISCUSS I O N  : 

Although the  p l o t s  were f i r s t  sampled on I1 J u l y ,  r e s u l t s  

r e p o r t e d  h e r e  a r e  from 0100 12 J u l y  u n t i l  2200 17 J u l y ,  t h e  p e r i o d  

o f  most r a p i d  d r y i n g ,  We a r e  concerned h e r e  w i t h  e v a p o r a t i o n  d u r i n g  

t h e  p e r i o d  t h a t  t h e  r a t e  of movement of s o i l - w a t e r  i s  t h e  c o n t r o l -  

l i n g  mechanism i n  t h e  e v a p o r a t i o n  p r o c e s s .  

In  t h e  f i r s t  a n a l y s i s  of t h e  d a t a ,  g r a v i m e t r i c  w a t e r  c o n t e n t  

a t  cnch cicsptlt was p l o t t e d  a s  n lunct lor l  of' t i ~ l l e .  'rlx?sc c1nt-n wt\ l -r .  

t.hc~l srnoothcd by drawing the  bes t  l i t  l i n e ,  a s  determined v i s u a l l y ,  

through t h e  p o i n t s .  Volumetr ic  w a t e r  c o n t e n t  was determined by 

m u l t i p l y i n g  t h e  g r a v i m e t r i c  w a t e r  c o n t e n t  a t  any t ime o b t a i n e d  from 

t h e  smooth l i n e  and m u l t i p l y i n g  i t  by t h e  a p p r o p r i a t e  bu lk  d e n s i t y ,  

By t h i s  t echn ique ,  v a l u e s  o f  v o l u m e t r i c  w a t e r  c o n t e n t  w i t h  t ime f o r  

v a r i o u s  s o i l  dep ths  were  o b t a i n e d .  

Water c o n t e n t s  a t  t h r e e  d e p t h s  a r e  p r e s e n t e d  i n  F igure  2 .  The 

d i u r n a l  d r y i n g  and p a r t i a l  r e w e t t i n g  i s  e v i d e n t  from t h e  curves ,  

e s p e c i a l l y  f o r  t h e  0-1  cm. On 12 J u l y ,  t h e  second day a t t e r  i r r i -  

g a t i o n ,  t h e  w a t e r  c o n t e n t  i n  t h e  0 -1  l a y e r  d e c r e a s e d  by SO%, from 

.265 t o  .135, w i t h i n  a  p e r i o d  of  1 0  hours .  Rewet t ing d u r i n g  t h e  

fo l lowing  5 hours  b rough t  t h e  w a t e r  c o n t e n t  u p  t o  .177,  The amount 

of d r y i n g  and r e w e t t i n g  d u r i n g  a  24-hour p e r i o d  d e c r e a s e d  w i t h  

i n c r e a s i n g  t ime .  On 12  and 13  J u l y  t h e  minimum w a t e r  c o n t e n t  a t  

a l l  rhl-ee dep ths  occur red  a t  11earl.y t h e  same t ime,  1800-1900. On  

16 and 17 J u l y  t h e  minimum does no t  occur  a t  t h e  same t ime f o r  t h c  

t h r e e  dep ths ,  but  s h i f t s  t o  an e a r l i e r  time i n  t l l c  0-1  l a y e r  and 

t o  l a t e r  t imes  i n  t h e  o t h e r  two. Th i s  r e s u l t s  because ,  a t  the  

lower w a t e r  c o n t e n t s ,  w a t e r  movement i s  predominant ly  i n  t h e  vapor  

pilase. 
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The t e m p e r a t u r e s  a t  t h e  s u r f a c e  and a t  1 ana 2 cm a r e  p r e s e n t e d  

i n  Figure  3 .  The maximum and t h e  minimum s o i l  t e m p e r a t u r e s  pro-  

g r e s s i v e l y  i n c r e a s e  o v e r  t h e  t ime of  t h e  exper iment  . The tempera- 

t u r e  d e c r e a s e s  w i t h  d e p t h  d u r i n g  t h e  day and i n c r e a s e s  w i t h  d e p t h  

a t  n i g h t ,  The c r o s s o v e r  o c c u r s  between 0600 and 0700 i n  t h e  

morning and 1800-1900 d u r i n g  t h e  even ing ,  

With t h e  w a t e r  c o n t e n t  d a t a  i n  F i g u r e  2, and e v a p o r a t i o n  d a t a  

f rom t h e  l y s i m c t e r s ,  t h e  f l u x  of  w a t e r  a t  1, 2, and 3 cm dep th  was 

c 1 ~ ~  '1'11~' I y s . i i ~ ~ ~ t v r  y i c ' l d s  1 1 1 ~ 1  l l u x  a t  t lw s i1r1  ; I C C  i I )  

- 1 
crn hr 'Tile 1 Lux a t  1 cm was o b t a i n e d  by s u b t r a c t i n g  t lw watc r  

c o n t e n t  change ( l o s s  o r  g a i n )  d u r i n g  t h e  cor respond ing  hour p e r i o d  

Prom t h e  f l u x  a t  t h e  s u r f a c e .  S i m i l a r l y ,  t h e  w a t e r  c o n t e n t  change 

p e r  hour i n  t h e  1-2 cm l a y e r  was s u b t r a c t e d  from t h e  f l u x  a t  l cm 

t o  o b t a i n  t h e  f l u x  a t  2  cm. F i g u r e  4 p r e s e n t s  t h e  f l u x  d a t a  f o r  

0, 1, and 2 cm d e p t h s ,  The f l u x  a t  t h e  s u r f a c e  f o l l o w s  t h e  d i u r n a l  

t r e n d  d i s c u s s e d  i n  t h e  1961 Annual Repor t ,  pp 151-182. The f l u x  a t  

1 cm ( f l )  and 2  cm ( f 2 )  g e n e r a l l y  fo l lows  t h e  f l u x  a t  0 cm ( f  ) 
0 

d u r i n g  t h e  morning hours ,  b u t  i s  c o n s i d e r a b l y  d i f f e r e n t  d u r i n g  t h e  

even ing ,  For example, a t  1800 hours  on 12 J u l y  f  and f  r e a c h  a  
1 2  

minimum, A f t e r  i n c r e a s i n g  f o r  a n  hour o r  s o  they  a g a i n  d e c r e a s e ,  

b u t  a r e  c o n s i s t e n t l y  h i g h e r  than  f  The minimum i n  f  a t  1800 
0  ' 1 

cor responds  w i t h  t h e  minimum i n  w a t e r  c o n t e n t  a t  t h a t  t ime (F igure  

2) and t h e  t ime  a t  which t h e  t empera tu re  a t  t h e  s u r f a c e  became l e s s  

than  the  t empera tu re  a t  l cm, At: tliis tirue t h e  t empera tu re  g r a d i e l l t ,  

which had been i n  t h e  d i r e c t i o n  t o  r educe  t h e  upward f l u x ,  r e v e r s e d  

d i r e c t i o n  and began a i d i n g  t h e  upward f l u x ,  The t ime  of t h e  r e v e r s a l  

o f  t h e  t empera tu re  g r a d i e n t  o c c u r r e d  a t  t h e  same t ime a s  t h e  f and 
l 

E minimum on 12 J u l y ,  and a t  t h e  t ime t h a t  f  and f  became g r e a t e r  2 l 2 
than  f  on 1 3  th rough  17 o f  J u l y .  It i s  e v i d e n t  t h a t  t empera tu re  

0  
and t empera tu re  g r a d i e n t s  p l a y  l a r g e  r o l e s  i n  t h e  movement of  w a t e r  

i n  t h e  s u r f a c e  l a y e r s  o f  a  f i e l d  s o i l ,  These phenomena w i l l  be 

s t u d i e d  i n  d e t a i l  d u r i n g  1971. It i s  planned t o  app ly  t h e  theory  

o f  t h e  s imul taneous  t r a n s f e r  of  w a t e r  and h e a t  t o  t h e s e  d a t a ,  
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Scvc-aal of rhc  equaLioris t h a t  u t i  l . ize m e ~ c o r o l o g i c a l  p a r a -  

ore t c r s  f.o calcu3.d t e  e v a p o r a t i o n  reclui.re a  knowledge of  ttw vapor 

p r e s s u r e  a t  cl-ie s o i l  s u r f a c e ,  Th i s  i s  u s u a l l y  e s t i m a t e d  by  c o l c u -  

would occur  when t h e  w a t e r  c o n t e n t  was beLow a b o u t  0 ,  14 ,  F igure  2  

si:ows t i m e  L I E  w a t e r  c o n t e n t  i n  t h e  0 -1  cm l a y e r  i s  below 

0, 1 4  o v ~ r  rricist. o I  t h c  time of  t h i s  cxperiinen t , llowcvcr, I h i ~  

wa te r  c o n t c n t a t  ehc  s u r f a c e ,  I n  the  c o u r s e  o f  t h i s  s t u d y  a  inethod 

of  e s t i m a t i n g  ttie w a t e r  c o n t e n t  i n  t h e  0 - 0 , l  crn l a y e r  e v o l v e d ,  

Ry plo"clrlng f o i L, i and f a s  a  f u n c t i o n  of  d e p t h  a n d  
2  3 

i n t c r p o l a t i - n g  t h e  I l u x  at- 0 , I  cm (1 ) and a t ,  say ,  0-5 cm (1 ) 
0 * I  0 ,5 

can he e s t i m a t e d ,  Now t h e  w a t e r  c o n t e n t  change i n  t h e  0 - 0 - 1  cin 

l a y e r  over a n  h o u r  peri.od i s  ( i  
0  - ) x 1.0, and a t  0 , s  cm 

(To - i ) x 2 ,  'CL tlre w a t e r  c o n t e n t  i n  t h e  0 -0 ,1  and 0-f1,S 
0 , 5  

l a y e r s  a r e  know11 a t  any one t ime, t h e  ware r  c o n t e n t  a t  a l l  o t h e r  

pi s  1 I L L 5 1L was irssurnc*d t i tat. L h c >  w a t t 1 t -  c o ~ r l c ~ r ~ t  a t  

0100-0500 on 1 2  J u l y  was c o n s t a n t  from 0 t o  l c m ,  The  w a t e r  c o n t e n t s  

i n  t h e s e  layers v a r y  d r a m a t i c a l l y  w i t h  t ime  of  d a y ,  By 1400 on 

T h i s  corresponds " L o  a r e l a t i v e  vapor  p r e s s u r e  range of  0,02 t o  0-5, 

T'hc a b i l i t - y  01 e s t i m a t i n g  t h e  wa te r  c o n t e n t  a t  O - Q , L  cm a l l o w s  

us t o  estimate the vapor  p r e s s u r e  i n  t h i s  l a y e r ,  I n  t h e  i i r s t  

approxiri~atiovl tlii:, cart be c o n s i d e r e d  t h e  vapor  p r e s s u r e  of  t h e  

surface, R e l a t i v e  vapor  p r e s s u r e  v e r s u s  w a t r r  c o n t c m  has been 

rleterin~itecl Tor Acleianto ioarn, che s o i l  used i n  . this  e x p e r i m e n t ,  

Such  d a t a  a r c  p r e s e n t e d  on page 27-31 of  t h e  1963 Annual Report  

of the U, S, \dater  Coriservation L a b o r a t o r y ,  R e s u l t s  r e p o r t e d  
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u ~ ~ d e r  WCL 67-2 e l sewhere  i n  t h i s  r e p o r t  g i v e  an  e q u a t i o n  t h a t  d e s -  

c r i b e s  t h i s  r e l a t i o n s h i p  v e r y  w e l l .  With t h a t  equati .on,  t h e  

s a t u r a t e d  vapor p r e s s u r e  c n l c ~ b l a t c d  Irom s u r f a c e  t cmpcra tu rc  

measurements and t h e  e s t i m a t e d  s u r f a c e  w a t e r  c o n t e n t ,  t h e  vapor  

p r e s s u r e  o f  t h e  s u r f a c e  can be c a l c u l a t e d .  During 1971 t h e s e  

ca1cula t i .ons  w i l l  be completed and t h e  r e s u l t i n g  i n f o r m a t i o n  used 

i n  m e t e o r o l o g i c a l  e q u a t i o n s  t o  p r e d i c t  e v a p o r a t i o n  of  w a t e r  from 

s o i l ,  

PART 11, FIELD MEASUREMENT OF SOIL-WATER CONTENT BY GAMMA-RAY 

TRANSMISSION COMPENSATED FOR TEMPERATURE FLUCTUATIONS 

The 1969 Annual Repor t  d e s c r i b e d  t h e  u s e  o f  a  spec t rum s t a b i -  

l i z e r  t o  compensate f o r  the  h o r i z o n t a l  s h i f t  O F  t h e  peak p u l s e  

I During 1970 n means of  compensating f o r  t h c  v e r t i c a l  p u l s e  

I icight  s h i f  t was d e v i s e d .  B r i e f l y ,  t h i s  c o n s i s t s  of  measurilig t h e  

d e t e c t o r  probe t e m p e r a t u r e  and a d j u s t i n g  t h e  coun t  r a t e  by us ing  a  

p r e v i o u s l y  measured c o u n t - r a t e ,  t empera tu re  r e l a t i o n s h i p .  With 

rhcso developnients t h e  gamma r i g  was f i e l d  t e s t e d .  The f o l l o w i ~ l g  

d i s c u s s i o n  p r e s e n t s  t h e  r e s u l t s  o f  t h e s e  t e s t s .  For d e t a i l s  o i  

equipment and p rocedures ,  s e e  t h e  1969 Annual R e p o r t ,  

RESIKTS AND DISCUSS ION: 

The equipment and t h e  exper imenta l  s i t e  were c a l i b r a t e d  by 

scann ing  t h e  s o i l  p r o f i l e  w i t h  gamma r a y s  and by o b t a i n i n g  con- 

c u r r e n t  g r a v i m e t r i c  samples .  The samples were t aken  i n  1-cm 

inc rements  t o  a  d e p t h  o f  1 0  cm w i t h  an O a k f i e l d  p robe ,  Samples 

a t  each  d e p t h  were t a k e n  from t h r e e  l o c a t i o n s  ( a l l  w i t h i n  1 m of  

t h e  gamma equipment)  and were composited t o  o b t a i n  r e p r e s e n t a t i v e  

g r a v i m c t r i c  w a t e r  c o n t e n t  d a t a .  I n i t i a l l y ,  samples were take11 a t  

0630, 0700, OHOO, 1230, and 1500 on I 5  September 1970 i n  a  r c l a -  

t i v e l y  d ry  s o i l  (8 between 0.02 and 0.11).  A f t e r  t h e  sampling 
W 

a t  1500, t h e  a r e a  around t h e  gamma r i g  was f looded  t o  a water  

d e p t h  o f  abou t  4-5 cm and c o u n t - r a t e s  th rough  w a t e r  were t aken .  

On 17 September 1970, two days a f t e r  i r r i g a t i o n ,  s o i l  samples 

were t aken  a t  0700, 1200, and 1500 hours .  During t h e  sampl ing 
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p c r i o d s  t h e  garnma r i g  scanned and recorded  t h e  count  - r a t e  through 

t h e  s o i l  p r o f i l e  i n  3-cm inc rements  t o  a  d e p t h  of  1 0  cm,  c o u n t i n g  

f o r  100 seconds  a t  e a c h  d e p t h ,  Between s o i l  sampl ing t imes ,  t h e  

c o u n t - r a t e  i n  a i r  was recorded a lmost  c o n t i n u o u s l y ,  arid energy 

i u r e  was recorded  every  5 n ~ i n u t e s  throughout  t h e  e x p c r i ~ n e n t .  

The energy spec t rum i n  a i r  determined a t  t h r e e  d i f f e r e n t  probe 

b a s e l i n e .  Iiowcver, t he count - r a t e  a t  t h e  peak p u l s e  h e i g h t  dec reased  

w i t h  i n c r e a s i n g  t empera tu re .  The d i f f e r e n c e s  i n  peak c o u n t - r a t e s  a s  

a  r e s u l t  of t empera tu re  changes exceed t h e  e r r o r  l i m i t s  determined 

by coun t ing  s t a t i s t i c s  (t - 20 = 2 940 cpm). E v i d e n t l y ,  t h e  spectrurn- 

s t a b i l i z i n g  equipment a d e y u a t e l y  compensates f o r  t empera tu re - induced  

h o r i z o n t a l  energy spec t rum s h i f t s ,  b u t  n o t  f o r  v e r t i c a l  peak h e i g h t  

changes .  

The tcrnpera ture  dependency of  t h e  peak c o u n t - r a t e  i s  p r e s e n t e d  

nmrc e x p l i c i t l y  i n  F i g u r e  7 where peak c o u n t - r a t e s  a r e  p l o t t e d  

v c r s u s  n~easclretl probc tcrupera tures  f o r  t w o  d i  C f c r e t l t  g a i n  s e t t i  rigs . 
These d a t a  a r e  f o r  b o t h  warming and c o o l i n g  o f  t h e  d e t e c t o r  p robe ,  

The b e s t - f i t  l i n e  f o r  each  s e t  of d a t a  was de te rmined  by l e a s t  

s q u a r e s  a n a l y s i s .  The s l o p e s  of  t h e  two curves  a r e  n e a r l y  the  same, 

but t h c  Lntcrceplrs a r e  c l i f l c r c n t ,  Th i s  l i n e a r  r c ! l a t ionsh ip  i s  v a l i d  

o v e r  t h e  t empera tu re  range we measured;  however, more r e c e n t  d a t a  

i n d i c a t e  a  l e v e l i n g  o f f  o f  t h i s  cu rve  a t  t empera tu res  l e s s  than  15 C .  

These r e s u l t s  show t h a t  t h e  peak c o u n t - r a t e  i n  a i r ,  i s  

i t ~ v e r s e l y  p r o p o r t i o n a l  t o  d e t e c t o r  probe t e m p e r a t u r e ,  The average  
0 

t empera tu re  c o e f f i c i e n t  f o r  our  equipment (-0,35%/ C) i s  s i m i l a r  
0 

Lo t h e  d a t a  o b t a i n e d  by o t h e r s  (-O,S%/ C) .  T h i s  i n v e r s e  r e l a t i o n -  

s h i p  and the  probe t empera tu re  a t  t h e  t ime  of  scann ing  t h e  s o i l  

p r o f i l e  must be known i n  o r d e r  t o  c a l c u l a t e  b u l k  d e n s i t y  o r  water  

c o n t e n t .  On one measurement clay t h e  probe t empera tu re  d u r i n g  one 

sea[\ o f  the  s o i l  p r o f i l e  cliangecl 3 C and from nwrning t o  a f t e r r loon  
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I ; I  2 3 ; 1;or our  equi  prncbirt t h e  1 v e r s u s  t crnptAra t t r r c '  r e l a t i o i r -  
0 

s t l ip  docs not changc a s  long a s  no ad jus tments  a r e  made i n  t h e  b a s e -  

l i n e  v o l t a g e  and windob~ w i d t h ,  

From t h e  g r a v i r n c t r i c  w a t e r  c o n t e n t  valucls and c o n c u r r e n t l y  

dctcrmined c o u n t - r a t e s ,  t h e  b u l k  d e n s i t i e s  a t  e a c h  c e n t i m e t e r  d e p t h  

were c a l c u l a t z d  f o r  t h e  e i g h t  sampl ing t i m e s ,  The average  of  t h e  

e i g h t  d e n s i t i e s  a t  e a c h  d e p t h  was no t  s i g n i f i c a n t l y  d i f f e r e n t  from 

t h e  average  of  two d e n s i t i e s ,  one o b t a i n e d  from t h e  d ry  s o i l  and 

one from t h e  wet s o i l ,  A p l o t  of t h e s e  two c a l c u l a t e d  bulk  d e n s i -  

I- i v s  i n  t l \ c ,  lop I 0  c r i ~  o f  1 1 ~  soi  1 pro1 i l c  Is sl>owt~ i il I?il;urc. 8 ,  

' y / i ~  i i l ie: rc1prc1sc'iitb lit* u v c r ~ i g e  t l t ~ i ~ s i t y  usccl t o  c a l c l ~  l ; ~ t c l  s o i  l - w r i t c > t  

cont t .n ts  f o r   he renlairling s i x  sampl ing t imes .  These r e s u l t s  

i n d i c a t e  t h a t  a t  l e a s t  two s e t s  of s o i l  samples shou ld  be talcen t o  

c a l i b r a t e  t h e  ccjui~xnent and e x p e r i m e n t a l  s i t e ,  

Assurnillg t h a c  f was not  temperature dependent,  and u s i n g  t h c  
o  

l o b t a i n e d  a t  t h e  beg inn ing  o f  t h e  exper imentp  v a l u e s  of c were 
0 1%' 

c a l c u l a t e d ,  Curve A i n  F i g u r e  9  stlows a  p l o t  o f  t h e  g r a v i m e t r i c  

v e r s u s  gamma Cor t h i s  c a s e .  Using l i n e a r  r e g r e s s i o n  a n a l y s i s ,  
W 

t h e  s l o p e  of  t h e  l i n e  i s  0,908 - + 0,127, t h e  i n t e r c e p t  0 ,011 i- 0,002,  - 
and the  r e s u l t i n g  v a l u e  oE "t" f o r  the  t - t e s t  i s  7.1 ( t h e  s l o p e  

be ing  s i g n i f i c a n t l y  d i f f e r e n t  from z e r o ) .  The conf idence  l i m i t  

f o r  these d a t a  a t  t h e  95% l e v e l  i s  4 0,035, and t h e  average  d i f f e r -  - 
ence becween gamma and g r a v i m e t r i c  w a t e r  c o n t e n t  Eor a l l  59 

samples i s  0 ,018,  

7':rlcinb: i i l t  c i  ;rccoiint the\ Liwpcrillurc el lect oil pcnt~k C O L I I I L  - r  z r t c 3  

(Irorn Figure 71, t h c  d a t a  were r e c a l c u l a t e d  and a r c  preseirteci i n  

F igure  9, Curve B. The s l o p e  of  t h e  l i n e  is  1 ,048 + 0.084, t h e  - 
i n t e r c e p t  i s  -0,005 + 0.002, and t = 1 2 3 ,  The conf idence  l i m i t  - 
i s  1- 0,023 a t  the  95% l e v e l .  The average  cliPPcrence f o r  a l l  - 
samples i s  0,009, a  s i g n i f i c a n t  improvement over  t h e  0 ,018-value  

where t empera tu re  was n o t  t aken  i n t o  accoun t ,  

Another approach f o r  c a l c u l a t i n g  wa te r  c o n t e n t  w i t h  t h e  gamma 

d a t a  i s  t o  measure I i n m e d i a t e l y  p r i o r  t o  e a c h  s c a n  o l  t h e  s o i l  
0 
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p r o f i l e ,  Th i s  t a k e s  i n t o  account  t h e  t empera tu re  e f f e c t  0 1 1  peak 

c o t ~ n t - r a t e ,  a l t h o u g h  no t  a s  r i icc ly  a s  t h e  d a t a  shown i n  Figure  7 ,  

Th i s  approach assumes t h a t  t h e  probe t empera tu re  does not  change 

s i g n i  k i c a n t l y  d u r i n g  t h e  subsequent  scann ing  of  t h e  s o i l  p r o f i l e ,  

Data c a l c u l a t e d  f o r  t h i s  c a s e  a r c  shown i n  F i g u r e  9, Curve C .  

Thc s l o p e  of  t h e  l i n e  i s  0,923 - + 0.028, t h e  i n t e r c e p t  0,016 - + 
0,001, and t = 3 2 , 6 ,  The conf idence  l i m i t  i s  - + 0,023 a t  t h e  9 5 A  

l e v e l ,  and the  average  d i f f e r e n c e  f o r  a l l  samples  i s  0.010. 

The conSidcnce l i m i t  and tlw nvcrage clevint i o n  f o r  t i w  t l i i t ~  

s 1 1 o w 1 1  0 1 1  Ct~rvc~s  I3 a ~ ~ t l  C i l l  I;ip,ui-cT C) ;IL'C* tJ1c3 S ' I I I IC .  ' F l i ~ s ,  c ~ i  th(81 

I I I ~  tilod shou ld  y i e l d  equal. accuracy .  The method chose11 w i l l  depe~ ld  

on wnether  i t  i s  e a s i e r  t o  o b t a i n  t h e  r e l a t i o n s h i p  between probe 

t empera tu re  and peak c o u n t - r a t e  o r  t o  measure t h e  peak c o u n t - r a t e  

i n  a i r  i m w d i a t e l y  p r i o r  t o  each s c a n  of t h e  s o i L  p r o f i l e .  For 

t h e  l a t t e r  case ,  t h e  t o t a l  s c a n  t ime shou ld  be o f  s h o r t  d u r a t i o r ~  

s o  t h a t  t h e  probe t empera tu re  change i s  s m a l l  d u r i n g  t h e  s c a n .  

The p r c c i s i o ~ n  o r  measurement i s  i n f l u e n c e d  on ly  by t h e  e r r o r  

i n  coun t ing  L and I. To a s s e s s  t h e  e r r o r s  invo lved  i n  t h e  c a l c u -  
o 

l a t i o n  of  d e n s i t y  and wa te r  c o n t e n t  From t h e  accuracy  i n  d e t e r -  

mining c o u n t - r a t e s ,  d a t a  were used from t h e  4 -  t o  5-cm dep th  t aken  

a t  1500 on 15  September 1970. From t h e s e  d a t a  (CI ( g r a v i a t e t r i c )  = 
w 

0,101, I = 213,878 cpm, and I = 44,142 cprn), t h e  d e n s i t y  was 
0 

c a l c u l a t e d  f o r  a l l  combinat ions  o f  e r r o r  i n  I and 1 (20 = twice  
0 

t h e  s t a n d a r d  d e v i a t i o n ) .  Using the  average  d e n s i t y  
Ps 1 ,685 b: 

- 3 
cm , b o t h  the g r a v i m e t r i c  artd vo lumet r i c  w a t e r  c o n t e n t s  were then  

- 3 
c a l c u l a t e d  (Table 1).  Maxirnum d e v i a t i o n  i s ;  d e n s i t y  - 4- 0,015 g crn , 
v o l u m e t r i c  w a t e r  c o n t e n t  $- 0,015, and g r a v i m e t r i c  w a t e r  c o n t e n t  

-t- 0,009,  - 
Counting e r r o r  may be reduced by o b t a i n i n g  more coun t s  a t  

each  measurement s i t e ,  T h i s  may be  done by ( I )  moving t h e  s o u r c e  

and d e t e c t o r  c l o s e r  t o g e t h e r ;  (2)  i n c r e a s i n g  t h e  s o u r c e  s t r e n g t h ;  

o r  (3)  i n c r e a s i n g  t h e  c o u n t i n g  t irae,  Moving t h e  s o u r c e  o r  dc . tec tor  

c l o s e r  t o g e t h e r  w i l l  r e s u l t  i n  a  s m a l l e r  p o r t i o n  o f  s o i l  be ing  
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sampled arid i n c r e a s e  the  inLluence o i  t h e  a c c e s s  tubes  on the  

sampl ing a r e a ,  The n e c e s s i t y  of keeping t h e  a c c e s s  tubes  a  

r e a s o n a b l e  d i s t a n c e  a p a r t  and a s  s m a l l  a s  p o s s i b l e  p r e c l u d e s  the  

u s e  of l ead  s h i e l d i n g  m a t e r i a l ,  Thus, f o r  h e a l t h  s a f e t y ,  the  

source  s t r e n g t h  shou ld  be s m a l l ,  An i n c r e a s e  i n  s o u r c e  s t r e n g t h  

does n u t  produce a p r o p o r t i o n a l  d e c r e a s e  i r i  e r r o r .  For example, 

i f  t h e  Lo and I v a l u e s  used i n  computing t h e  d a t a  f o r  Table  1 

were i n c r e a s e d  by a  f a c t o r  of  5 t h e  maximum d e v i a t i o n  i n  +. would 
v  

be - 1- 0,007, a  r e d u c t i o n  by a  f a c t o r  of about 2 .  Ziicrcasing the 

coun t ing  t ime w i l l  irnprovc. c o u o t i n g  s t a t i s t i c s  but may result i n  

Larger p r o h  t empera lu re  v ; ~ r i ~ i t i o r ~ s .  

It i s  a p p a r e n t  t h a t  t h e  e f f e c t  of  t empera tu re  on peak c o u n t -  

r a t e  must be accounted f o r  i n  o r d e r  t o  o b t a i n  reasonab ly  a c c u r a t e  

s o i l - w a t e r  c o n t c n t  d a t a  under n a t u r a l  f i e l d  c o n d i t i o n s .  I f  t h i s  

I C ~ O I I ( ~ ,  a b s o l u t e  g r a v i t n e t r i c  w a t e r  c o n t e n t  can  be ~rteasuved wi th  

, t r i  ,iveragt7 d i f f e r e n c e  between gatnma aud g r a v i m e t r i c  v a l u e s  of  

0,009 f o r  t h e  equipment and e x p e r i m e i ~ t a l  c o n d i t i o n s  used he re .  

'1'11~. optimum s o u r c e  s t r e n g t h ,  coun t ing  t ime,  and d i s t a n c e  between 

a c c e s s  tubes  must be determined f o r  each  e x p e r i m e n t a l  s i t u a t i o n ,  

PART III, DIFFUS JON COEFFICIENT FOR WATER VAPOR THROUGH MULCHES 

UNDER FIELD CONDITXONS. 

To u n d e r s t a n d  f u l l y  t h e  p rocess  of s o i l - w a t e r  e v a p o r a t i o n  i n  

t h e  l a t e r  s t a g e s  of  d ry ing ,  one must f i r s t  u n d e r s t a n d  t h e  mechanisms 

by which gaseous  exchange o c c u r s  between s o i l  and a tmosphere ,  

i<ornc.ll ( 7  [ a s  desct-ibecl by Kccn  ( 5 ) ] )  concluded, p r i m a r i l y  l rorn 

i n d u c t i v e  reason ing ,  t h a t  d i f f u s i o n  i s  the  most impor tan t  mechanism 

i n  t h i s  excllange , Recen t ly ,  however, ev idence  has appeared which 

s u g g e s t s  t h a t  a i r  t u r b u l e n c e  may a l s o  have a n  impor tan t  i n f l u e n c e ,  

a t  l e a s t ,  under some c o n d i t i o n s .  Hanks and Woodruff (3) observed 

t h a t  e v a p o r a t i o n  th rough  s o i l ,  g r a v e l ,  and s t r a w  mulches i n c r e a s e d  

w i t h  wind v e l o c i t y  i n  t h e i r  wind t u n n e l ,  I-lolmes, Greacen, and 

Gurr (4 )  a l s o  u s i n g  a  wind t u n n e l ,  found t h a t  e v a p o r a t i o n  was 

a f f e c t e d  by s u r f a c e  t i l t h  (and, hence, from i n f e r e n c e ,  a l s o  by 
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s u r f a c e  roughness  and t h e  subsequent  n a t u r e  of  a i r  t u r b u l e n c e ) .  

Benoi t  and Kirlcham ( 2 )  and Acl~arya  and P r i h a r  (1 )  observed i n c r e a s e s  

i n  e v a p o r a t i o n  r a t e  when a i r  movement was i n c r e a s e d  over  s o i l  

columns having a  s o i l  mulch, Kilnball and Lemon (6 )  found t h a t  

hep tane  vapor  movement th rough  c o a r s e  g r a v e l  and s t r a w  was i n c r e a s e d  

g r e a t l y  by a i r  turbulencct cinder i jn tu ra l  f i c l  d  cond i  t  i oirs, but t  i rcir  

t laia wcrc l o o  : lc; t~ ~ c - r i > d  ~o t l r ~ w  ,rtry l irlii sonc i \ I S  iorrs a1x)trt. ri~ovc~trit~~lt 

i n  f i i ~ c r  t e x t u r e d  m a t e r i a l s .  

Thus, t h e r e  a r e  s e v e r a l  i n d i c a t i o n s  t h a t  a i r  t u r b u l e n c e  above 

che s o i l  can s i g n i f i c a n t l y  i n c r e a s e  t h e  r a t e  of  gas  movement in 

s o i l ,  T h i s  srtldy was i n i t i n r e d  t o  dc terlnine more prcacisc l y  l iow rnuch 

gas  movcment can be i n c r e a s e d  by a i r  t u r b u l e n c e  under f i e l d  

c o n d i t i o n s ,  

'I'he procedure t o  i d e n t i f y  t h e  c E f e c t s  of  a i r  turbuler icc  w i l l  

c o n s i s t  of a p p l y i n g  mulches t o  t h r e e  weighing Lysiineters and tlicn 

obse rv ing  t h e  r a t e s  o f  w a t e r  l o s s  through t h e  mulches,  Concurrent  

measurements o f  a i r  t empera tu re ,  a i r  vapor  p r e s s u r e :  wind v e l o c i t y  

and s o i l  t empera tu re  a t  t h e  soil.-mulch i n t e r f a c e  w i l l  permit  the  

amount of  w a t e r  vapor  l o s s  a t t r i b u t a b l e  t o  molecu la r  d i f f u s i o n  t o  

be c a l c u l  a t e d .  Then t h e  clif f c r e n c e s  between c a l c u l a t e d  and 

obsprvc.cl 1ossc.s w i l l  bc a c t r i b u t r c l  t o  a i r  tu rbu lc l l cc  ( o r  t o  artothcr 

mass flow rncclia~hism i f  t h e r c  shou ld  be l a r g e  d i f f e r e n c e s  w11ic;h d o  

no t  c o r r e l a t e  w i t h  wind v e l o c i t y ) .  

To d a t e ,  p r o g r e s s  has  been conf ined  t o  assembl ing t h e  mulch 

m a t e r i a l s ,  They have v a r i o u s  pore  s i z e s  and georrietrics s o  t h a t  

d i f f e r e n c e s  i n  the  e f f e c t s  o f  a i r  t u r b u l e n c e s  [nay bc obscrvcd among 

s e v e r a l  porous media,  Tab le  2 l i s t s  t h e  mulches t o  be u s e d ,  

The g l a s s  beads  were purchased from a  manufac tu r ing  company. 

'The s o i l  a g g r e g a t e s  have been s i e v e d  from Ade lan to  loam. The g l a s s  

bead a g g r e g a t e s  were vast1.y more d i f f i c u l t  t o  o b t a i n ,  They were 

made by f i r s t  h e a t i n g  l a y e r s  o f  0.047-0.084 mm d iamete r  g l a s s  beads 

i n  a  pan s lowly  i n  a  m u f f l e  f u r n a c e  up t o  approx imate ly  605 C a t  

which t empera tu re  t h e  beads fused  t o  form porous "cakes , "  A f t e r  
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i ~ c r ,  arid lien t hc,v wi3vcx l u r t  l ~ c r  rc>ciuct$d i l l  s  izc, by 

a  Wylic  m i l l .  'The agg rc lga t c s  of t l ic  c l c s i r r d  s i z c  rarigc. 

r ) u t  r ~ s i  1);: a  inccllani c a  1 s h ~ k ~ r .  

1111, a ~ u i c l i c s  Ilavt~ 1x~t.11 trc':%t t.cl w i  t11 21 wa t c t r - r epc l  lent 

r r ~ a t c r i a l ,  t r i c l i ~ o r u s i l n n c ,  s o  t l i a t  ~ h c y  w i l l  11ot c o ~ i d u t t  l i c iu id  

w a t e r  f rorn mo i s t  so i  l bc>rieatir t hc 111 t o  ~ l i e i r  t ~ p p  r s u r f  act. T h i s  

3 w i  I I ~ 1 s s u r ( ~  Lhal : ~ ' l l  w ~ l c ~ r  l o s t  I I oiii t  / I [ ,  l y s i t ~ ~ ( , t t ~ r s  w i  l  I liavca t o  

i~iovc. i 1 1  i I I P  v : ~ p o r  phascl t  hr-ough t lic IIILI  1 t h. 

SUMMARY AND C O N C L U S I O N S  : 

E v a p o r a t i o n  of  w a t e r  from b a r e  s o i l  was s t u d i e d  d u r i n g  an 

i ntc.nsivc'  Ti c l d  experirilent conduc ted  i n  J u l y  1970.  S o i l  - w a t e r  

c o n t e n t  a i d  t e m p e r a t u r e  were  measured a s  a  f u n c t i o n  of t ime arid 

d e p t h  f o r  0 days  a f t e r  an  i t - r i f ~ a t  i o n .  P c r t i  ncn t  o i f ~ t t ~ o r o l o g i c a l  

I I I : w I I i I I I I I I  I .  W : l l  ( ' 1 -  ( . O I I I  vrlt W ~ I C ,  I I I ( ~ : I S U I - ( ~ ( /  i I I  I - c  III 

i i i c r t~ i~~c r l t  s t o  L O  ctns gravimeLr ic ; t  l l y .  T h r ~ s c ~  tl;tt;t, a l o ~ l g  w i t h  t lit, 

t o t a l  e v a p o r a t i v e  l o s s  a s  measured  by l y s i m e t e r s  a l l o w e d  t h e  c a l t u -  

l a t i o n  of s o i l - w a t e r  f l u x  a t  s c v c r a l  d e p t h s  w i t h i n  t h e  s o i l ,  Usirlg 

[lit> f l u x  d a t a  n rnetl~od was d e v i s e d  t o  calculate s o i l  w a t c r  c o r i t t n t s  

i n  i n c r e m e n t s  a s  s m a l l  a s  0 . 1  crn. T h i s  deve lopment  a l l o w s  t h e  

e s t i m a t i o n  of w a t c r  c o n t e n t ,  and t h u s  v a p o r  p r e s s u r e ,  a t  t h e  s o i l  

s u r  l a c e .  Vapor p r e s s u r e s  t l ~ u s  c a l c u l a t e d  can  be used  i  17 mc.teoro- 

l o g i c a l  ~ c j u a t i o r i s  t h a t  p r e d i c t  m a p o r a t  i o n .  The w a t e r  c o n t e n t ,  

w a t e r  f l u x ,  and t e m p e r a t u r e  d a t a  w i l l  be  u sed  t o  t e s t  t h e  a p p l i c a -  

b i l i t y  of  t h e  t h e o r y  o f  s i m u l t a n e o u s  [low o f  w a t e r  and  h e a t  t o  t h e  

movement o f  w a t e r  t o  a n  e v a p o r a t i n g  s u r  f a c e  unde r  r i a t u r a l  cond i  t i o n s .  

Subsequen t  t o  t h e  J u l y  e x p e r i m e n t  t h e  development  ol: a gamma- 

r a y  t r a n s m i s s i o n  t e c h n i q u e  t o  measure  s o i  l w a t e r  c o n t e n t  unde r  

I I ; I ~  u r a  l c oiitli t  i 011s was complct  utl. Tlicb rccliriicluc' cornpc>ns;itc>s tor 

tr.tnperaturc. cl-tariy:c>s i  11 two ways.  A n  e l e c t r o n i c  sp rc t ru rn  s t a b i l  i z c r  

i s  u sed  i n  c o n j u n c t i o n  w i t h  t h e  n u c l e a r  c o u n t i n g  equipment  t o  a d j u s t  

f o r  t e m p e r a t u r e - i n d u c e d  h o r i  z o n t a l  s h i f t s  i n  t h e  c n e r g y  s p e c t r u m ,  

a1i~1 it lrleasured r c  l a  t i o n s h i p  be t w e c l ~  peak c o u n t - r a t e  and t e m p e r a t u r e  
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is  ~15c 'd  t o  c o l n p t > ~ ~ s a t  t' l o r  vtJrt  i c n  1 shi f t s  01 t l i t ~  clricrp,y p(~:il~. I h ~ r  i I I ~  

, I  p:i~ 1 i ( L I  I : i t -  ( s x p t L ~  i I I N I I I ~  I I I C \  ( l < s l  1 % ~  1 01 1p roh~  t V I I I [ W I - : ~  t \ I I - I ~  vai i I S C I  .) (', 

I 1 1 4 8  ):I < I V ~ I I I C % ~  I i c w , ~ t  1 . t  c O I I ~  1 a 1 1 t  I * I I I ; ~ I , I I  I I < ) I I I  0 .0) 1 t C )  0 .  180, s i ~ i ~ l  t 

; IvtSragc tlt1vi;lt iolt I x . t w c c ~ ~  g r a v  iiric. t I- i c  ; ~ r l t l  ga111111a-ray incns \~rc t l  v:il uc>s 

was 0.009. Au toma t i c ,  c o n t  i r iuous ly  r c p e a t c d  s c a n n i n g  o f  t h e  s o i l  

pro1 i I t 1  is acc orrrpl ishcltl w i  t l i  a  progr;irn~nahle c o i ~ t  1-01 l c v  t h a t  c o n t r o l s  

s c ,< lu~ i i t  i n  1 l y k l>cl p w  i t  i otl i I)):, ii~c\ilstirc'mcnt , rcxc 01 cl i 11p, 'tilri  

rc tposi t  ion i ng oT I  he ganmra r a y  s y s  Lcii~. 

A I I  cAxpc?r i lne~it  t o  de te rn i i r lc  t tic r c l a t i v c  rnag~iitucie o f  d i  l Sus i o n  

and rrlass f low m t c h a ~ i i s m s  i n  t h c  evaporation p r o c e s s  i s  unde r  way. 

'The r a t e s  o f  w a t e r  v a p o r  t h r o u g h  mulches  a p p l i e d  t o  w e i g h i n g  

l y s i m c t e r s  w i l l  be measured and compared t o  t h e  l o s s  a t t r i b u t a b l e  

t o  m o l e c u l a r  d i l  f u s i o n  a l o n e .  P r e p a r a t i o n  o Z  mulches  of s e v e r a l  

d i  1 fcrcbnt po re  s i z e s  and g e o m e t r i e s  has been c o m p l e t e d .  

I? EFERF,NCES : 

B011oi t ,  (:. K., and Kirkham, T I .  The t f  t e c t  ol s o i l  s u r f a c t .  
concli t i o n s  on e v a p o r a t i o n  o f  wat:er. Soi l S c i .  Soc .  Amer. 
Proc .  %7:495-498.  1963.  

1 i 1 s  I .  J . ,  c W c l r ~  f N I .  1.11 1 l u e n c e  of wind on wa te r  
vapor  11-311s f c r  Lhrouglr s o i l ,  g r a v e l ,  and s t r a w  rnulchcs.  Soi 1 
S c i .  h h : l h O - 1 4 4 .  1958.  

liolmcs, - 7 .  W . ,  Grcaccn ,  Ii. I , .  , and Gurr ,  C .  G .  Tlie c ~ v n p o r a t i u i ~  
oI watc.1- lrom bal-c s o i l s  w i t h  d i  f f e r e n t  t i l t h s .  T r a n s ,  111t. 
Corigr. S o i  1 S c i , ,  7 t h  I h ~ i g r .  Madison. 1 : 188-194. 1900.  

Kr,elr, 1%. A .  Tlic p h y s i c a l  p r o p e r t i c s  01 s o i  1. I,origmans, 
(:rclc~r, aincl Co., Nr.w York, 380 p p .  1931.  

i 1 1 %  A .  I 1 ,  . I A i r  t u r h \ ~ l c ~ r i c . c ~  r S f c c t s  upon 
sc,i 1  g a s  e x c l l a n e ~ ~ .  S o i l  S c i .  SOC.  Amer, P roc .  3 5 ( 1 ) .  1971  
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- .  
~ ~ i a l e  2 .  I k ? c h  a a c e r i a l s  ~o be , app l i ed  t o  t h e  l y s i m t r s .  

E s p e r i n e - t  LysF-tr=r 10. 

1 S o .  + 3 

1 1.65-2 .37  77i" g l a s s  b e a d s  0 .81 -1 .65  qr < i = = s  b e - d s  0.L1-0,SL m g l a s s  b e a d s  

2 0 . W - 1 . 6 5  mm ~ L J S S  bead  0 .81 -1 .65  ar- r i a s s  b e a d s  0.8A-1.65 Qm s o i l  a g g r e g a t e ;  

a g s r e g a t e s  

3 loam soil 0 . i l - 0 . 8 4  m 0 .84 -1 .  nS nm s o i l  a g g r e g a t e <  

s o i l  a g g r e g p c c -  
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1200 2400 1200 2400 1200 2400 1200 2400 1200 2400 
1200 2400 

12 J U L Y  13 J U L Y  14 J U L Y  15 J U L Y  16 J U L Y  17 J i J i Y  

1970 

F L ~ u r e  2 .  Smoothed v o l u m e t r i c  w a t e r  c o n t e n t s  a t  Ckree dep ths  f o r  t n e  6 - d a y  dr:;l.?tr, p e r i o a .  
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--- 2 cm - .. . . . . . I c m  

I .  . 
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i 

12 JULY 13 JULY 14 JULY 15 JULY 16 JULY 3 7 JU-Y 

1970 

F i g u r e  3 .  S o i l  t empera tu res  a t  t h r e e  d e p t h s  f o r  t h e  6-day d r y i n g  p e r i o d .  
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12 JULY I3 JULY 14 JULY I5 JULY 16 JULY 18 JULY 

1970 

Figure 4. Vater flus at depths of C, I, and 2 cm, 
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12 JULY ' I3 JULY 14 JULY I5 JULY 16 JULY 17 JULY 

1970 

F i g u r e  5 .  C a l c u l a t e d  w a t e r  con t en t s  a t  i n t e l - va l s  J! 0-0.5 anu 0-0.1 cn.  

Annual Report of the U.S. Water Conservation Laboratory



137  
i 0 Energy s p e c t r u m  o f  Cs a s  a r u n c t i a ~ ~  o f  t l ic  d e t e c t o r  probtl 

t e n l p c r a t u r c  o b t a i n e d  w i t h  s t ab i i i z ec l  n u c l c a r  c c ) u i \ t i n g  c q u i p m e ~ ~ t .  
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F i g u r e  9 .  C z l c u l a t e d  (by gamma t r a n s m i s s i o n )  v e r s u s  measured g r r i v i m e t r i c  w a t e r  c o n t e n t .  
"A" --  d a t a  neg1ec t i r ; g  t e m p e r a t u r e  e C i e c t s  011 p robe  p e r i o r n a a c e .  "5" - -  d a t a  
when r e l a t i o n s h i p  betwet?:? c o u n t - r a t e  and probe  t e m p e r a t u r e  i s  u s e d .  "C" - -  
d a t a  when I f o r  each p r o i i l e  s c a n  i s  u s e d .  
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II'XT TX : 

T: SWC-018-gG- 2 

Studies were continued using the  pressure p l a t e  asse  

etermine the  maximurn head of water t h a t  various treatments on 

i f f e r e n t  types of r e in fo rc ing  mate r i a l s  a r e  capable of support ing 

without leakage. Lbimite s tud ies  were con ucted t o  determine Lap 

j o i n t  s t rength ,  t e n s i l e  s t r eng th  and puncture r e s i s t ance  of aspha L t  

t r ea ted  f i b e r g l a s s ,  New f i e l d  i n s t a l l a t i o n s  c o n s i s t e  

eef t e s t  s i t e  and an orn 

pond i n  South o ra to ry  personnel a s s i s t e d  and ins t ruc ted  

a t  the  i n s t a l l a t i o n  of two e r a t  iona l  catchments i n s t a l l e d  by the  

n a g a e n t  near Safford, Arizona, 

rocedures rernaine the  sme as described i n  the  1969 

o r t  with the  following addi t ion ,  

e l ap  j o i n t  s t r eng th  an 

e r g l a s s  was measured with the  Dil lon 

a t t i n g  was cu t  in to  s t r i p s  122 crn 

e s t r i p s  w e r e  l a i d  on a sand base and t h e  

ed by brushing, p j o i n t s  l0 ,2  cw wide were made by 

of s t r i p s  together  before t a l t  had set, Af ter  

outdoors the  r equ i re  Length of t h e  the  asphak 

u l l ed  t o  f a i l u r e  of t e r i a l  o r  lap ,  Traverse speed 

aehine was 5.1 cm per min. 11 treatments were run i n  

up l icaee,  

e puncture r e s i s t a n c e  s tud ies  the  f i b e r g l a s s  was t r ea ted  

on small s o i l  t r ays  1 2 , l  cm x 38,8 cm X 5,1 em f i l l e d  with s o i l .  

f t e r  curing, the  samples were placed i n  the t e s t i n g  mac 

2,54 cm x 2,54 crn square foo t  forced i n t o  the su r face  a t  a r a t e  a£ 
- 

,64 cm p e r  rain, 
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The l ap  and t e n s i l e  s t r e n g t h  

s t u d i e s  were conducted us ing  1 oz per  f t 2  and 1.5 oz per  f t 2  chopped 

f i b e r g l a s s  mat t ing ,  Cat ionic  a s p h a l t  emulsion SSKH was brushed on 

a t  a r a t e  of 1.4 kg a s p h a l t  m 2  and cured f o r  per iods  of 1, 2 and 4. 

weeks, 1% r e s u l t s  of t h e s e  t e s t s  a r e  presented i n  Table 2 ,  The 

higher  l ap  s t r e n g t h  a t  one week compared t o  t h e  t e n s i l e  s t r e n g t h  i s  

a r e s u l t  of t he  increased  th ickness  a t  t he  l ap  j o i n t ,  A 1  

w i th  2 o r  more weeks cu r ing  were s t ronge r  than the  m a t e r i a l ,  

Puncture r e s i s t a n c e  t e s t s  on t h e  two f i b e r g l a s s  th icknesses  

f a i l e d  t o  damage the  a spha l t - f i be rg l a s s  mat t ing  when t h e  f o o t  was 

pushed i n  -64 cm. Addi t iona l  t e s t s  w i l l  be run  wi th  t h e  f o o t  pene- 

t r a t i n g  t o  g r e a t e r  depths,  

Pressure  P l a t e  S tudies ,  Over 140 sepa ra t e  samples were t e s t e d  

i s  included 20 a s p h a l t i c  t rea tments  on 

four  f i b e r g l a s s  m a t e r i a l s ,  Several  t rea tments  were a b l e  t o  hold 

pressures  equiva len t  t o  14 f e e t  of water ,  No t rea tment  was cons is -  

t e n t l y  a b l e  t o  support  p ressures  equiva len t  t o  over 20 f e e t  of water ,  

Apparently t he  a spha l t  undergoes a "cold flow" movement a t  t hese  

s m a l l  ho les  develop, S tudies  a r e  be ing  conducted t o  

develop coa t ings  which a r e  harder  and w i l l  r e s i s t  f lowing u 

higher  pressures .  

F ie ld  S tud ie s ,  A r e p o r t  on t h e  performance of t he  experimental  

a s p h a l t - f i b e r g l a s s  d i t c h  l i n i n g  on Maui, b w a i i  i s  given i n  Annual 

Report s e c t i o n  t i t  led ' a t e r i a l s  and Methods f o r  Water Harvest ing and 

Water Storage i n  t h e  S t a t e  of H a w a i i , "  The a s p h a l t - f i b e r g l a s s  ca tch-  

ment a t  t he  iViEZui test s i t e  was i n  e x c e l l e n t  cond i t i on  when l a s t  

inspected i n  June 1970, The Mhitlock Peak o p e r a t i o n a l  c a t c  

Lass i n  southeas te rn  Arizona f a  r epo r t ed  t o  be i n  

cxce 1 len  t con nd bnagement  personnel  were 

s u f f i c i e n t 1 y  pleased wi th  the  performance of t h e  Whitlock catchment 

t h a t  they i n s t a l l e d  two new catchments i n  September 1970 us ing  
2 

a s p h a l t - f i b e r g l a s s ,  Each of t hese  catchments of 10,000 f t  were 

i n s t a l l e d  by sLx men i n  approximately s i x  hours ,  
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A small, irregularly shaped, ornamental fish pond was lined 

with asphalt-fiberglass in January 1970. The pond, approximately 
2 

3 feet deep with a surface area of 5000 ft was lined by five men 

in four hours. Seepage measurements one year later show a total 

loss, including evaporation, of 4 ram per day. A second small pond 
2 

of 500 Et at the Granite Reef testing site was lined by three men 

in one hour, This pond is used as a collection reservoir for a 

small watershed and is dry the majority of the year, 

CONCWS IONS : 

boratory studies were conducted to measure the lap Joint and 

tensile. strength of asphalt treated fiberglass. After one week 

curing, tensile strength of the fiberglasswas greater than 2 kg per cm 

width, All lap joints were stronger than the tensile strength of the 

asphalt fiberglass, Pushing a 1 inch square foot, 1/4 inch into 

samples of asphalt fiberglass supported on soil caused no significant 

damage to the material, 

Pressure plate studies have shown pressures equivalent to 14 feet 

of water can be supported by asphalt fiberglass linings. Pressures 

greater than 20 feet of water usually cause the linings to fail, 

parently the higher pressures force the asphalt to cold flow causin 

small holes to form, Studies are being conducted to develop surface 

treatments which will prevent this cold flow movement, 

Field installations of asphalt-fiberglass lined catchments and 

reservoirs are all performing satisfactorily, The performance of 

existing asphalt-fiberglass units was a major factor in the Bureau 

nagement instaLling two new operational units of asphalt 

f iherglass in southeastern "Arizona, 

L: G, W e  Frasier and L, E ,  Myers, 

I O N  DATE: July 1971, 
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Table 1, Lap and t e n s i l e  s t r eng th  of asphal t - f iberglass  l i n i n g  

mate r i a l s ,  

Curing 

1.0 oz f t W 2  1.5 oz f t - 2  
- 2  

T h e  1.0 oz f t  1,5 oz f t - *  

(weeks) (kg/cm width) (kg/cm width) (kg/cm width) (kglcm width) 

3.1 Mltcriab adjacent  t o  Lap j o i n t  f a i l e d ,  - 
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TXnE :: CONSWM1IVE USE OF WATER BY CROPS I N  ARIZONA 

GRXS WORK UNIT: SWC-0x9-gG-3 CODE NO.: Ariz.-WCL 58-2 

ImRODUCTIOR: 

See Annual Report 1969, Page 12-1. 

O1UECTIVES : 

1, To measure t h e  consumptive use  f o r  t h e  new.va r i e t i e s  of 

wheat and ba r l ey ,  

2 ,  To check t h e  need f o r  a  f a l l  i r r i g a t i o n  o r  l a t e  i r r i g a t i o n  

near  h a r v e s t ,  r e s u l t i n g  from e a r l i e r  p l an t ing  d a t e s  and v a r i e t y  

changes, 

3, To make Piche evaporimeter measurements f o r  p o s s i b l e  

c o r r e l a t i o n  with consumptive use,  

RROCrnUrn ; 

The experiment was loca t ed  on two borders ,  P47 and F48, (0,42 . 
a c r e s ) ,  a t  "ce Un ive r s i t y  of Arizona Mesa Experiment F a m ,  Mesa, 

Arizona, F ive  v a r i e t i e s  of wheat -- Sonora 64, Maricopa, S i e t e  

Cerros,  l n i a  66, and Ramona 50 -- and t h r e e  v a r i e t i e s  of ba r l ey  -- 
Arimar, Hembar, and Ar iva t  -- were p lan ted  18 November 1969 i n  a  

randomized, s p l i t  p l o t ,  s i x  r e p l i c a t i o n  design. A p r e c i s i o n  p l a n t e r  

was used, p l an t ing  i n  rows 1 2  inches a p a r t ,  Each p l o t  was 6 rows 

wide and 30 f t  long,  The Sonora 64, I n i a  66, and Ramona 50 were 

p lan ted  a t  a r a t e  of 44 l b s  t o  t he  ac re ,  A l l  o t h e r  v a r i e t i e s  were 

p lan ted  a t  t h e  r a t e  of 35 Zbs t o  t h e  a c r e ,  The seed bed had 

previously been f e r t i l i z e d  wi th  200 l b s  of n i t r a t e ,  50 l b s  of 

phosphate, and had been i r r i g a t e d  about 22 days be fo re  p l an t ing .  

S o i l  moisture samples were obtained a t  t h e  p l an t ing  d a t e ,  be fo re  

and a f t e r  each i r r i g a t i o n ,  a t  10-day i n t e r v a l s  throughout t h e  

growing season, and a t  t h e  ha rves t  da te .  Yields  were measured on 

the two i n s i d e  rows of  each p l o t  on 20 f t  o f  row. Heads were hand 

c u t  and threshed with a  p l o t  t h re she r ,  

T i d n g  of i r r i g a t i o n s  was based mainly on previous s t u d i e s  and 

c l o s e  observa t ion  of  t h e  s o i l  moisture measurements, 
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A good s tand  was obtained on a l l  v a r i e t i e s ,  Temperatures were 

above normal, i n  November and December, and with numerous small r a i n s  

amounting t o  0.8 inches ,  e x c e l l e n t  growth occurred,  Above-normal 

e r a t u r e s  cont inued through January and February with 

n a m d  r a i n f a l l ,  Because of  t he  excellenl:  growth and l a c k  o f  normal 

r a i n f a l l ,  t h e  f i r s t  i r r i g a t i o n  was given on YO February, The second 

i r r i g a t i o n  was n o t  gives u n t i l  20 March, During t h e  period between 

the two i r r i g a t i o n s ,  2,03 inches  of r a i n  f e l l ,  The t h i r d  i r r i g a t i o n  

was given on 7 A p r i l ,  and a fou r th  i r r i g a t i o n  was given on 28 Apr i l  

v a r i e t i e s  of  t h e  wheat except  t he  Ramona. 

Temperatures i n  A p r i l  were lower than normal, by a s  much a s  

10 degrees i n  Lhe last  two weeks, This  coincided wi th  t h e  peak 

consu~nptive use period f o r  both ba r l ey  and wheat, Consumptive use  

was about  2 inches lower i n  1969-70 than i n  1968-69 (Table 1)" 

ese  love r  temperatures may have a f f e c t e d  t h e  lower consumptive use ,  

of a l l  v a r i e t i e s  of  ba r l ey  showed cons iderable  i n c r e a s e  

over y i e l d s  i n  1968-69 (Table 2), The f a c t  t h a t  t h e  b a r l e y  d id  n o t  

s year  undoubtedly con t r ibu ted  t o  t he  improved y i e l d ,  

Sonora 64 wheat showed some i n c r e a s e  i n  y i e l d  over 1968-69, 

probably due t o  t h e  h ighe r  seeding r a t e .  However, o v e r a l l  wheat 

were down from 1968-69* Yie lds  of a11 t h e  Mexican var ie t .  

Tab le  1 shows the  average consumptive use  f o r  ba r l ey  and wheat 

0 and 25,40 inches ,  r e s p e c t i v e l y ,  This  compares t o  26;6 

and 27 ,3  inches a s  measured l a s t  yea r ,  Consumptive u s e  f o r  b a r l e y  

n t h e  Univers i ty  of Arlzona A g r i c u l t u r a l  Extension Se rv i ce  B u l l e t i n  

19 25 ,3  inches ,  tjhich i s  very  c l o s e  t o  t h e  two-year average as 

ed f o r  t h e  new v a r i e t i e s ,  The f i g u r e  r epo r t ed  i n  TP- 

wheat i s  22,9 inches ,  This f i g u r e  should be increased  by a t  l e a s t  

3 inches, It i s  a l s o  i n t e r e s t i n g  t o  n o t e  t h a t  Sonora 64 uses  l e s s  
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water than the other h i g  e ld ing  variet ies ,  Lt was a 

that  Sonora 64 was shsreer i n  he ight  and a 
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T a b l e  1, Consumptive Use (inches) -- Bar ey and Wheat -- 1 

Variety 'Inches Variety Inches 

A r  Lmr 22,67 

21,59 

Hemb a r 22,05 

Siete Cerros 

Sonora 64 

9: 
ree i r r igat ions 

Four I r r igat ions 
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* 
Table 2, Average Y i e l d  (gms per  p l o t )  -- Barley and Wheat -- 1969-7 

V a r i e t y  Yield V a r i e t y  Y i e l d  

Arimar 

A r  i v a  t 

Reabar 

2259 Lnia 66 2054 

25'17 Flaricopa 2 20 
**c 

1875 na ----*-  

Siete Cerros  203.8 

Sonora 64 2057 

* 
Y i e l d  is ehe mean of  6 r e p s ,  E u l t i p l y  gns, X 2,40 t o  g e t  Lbs per  acre, 

7 w  
No y i e l d ,  due  t o  excessive b i r d  damage, 
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ive use for  bar ey (Arivat) at 
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TITLE : PLANT RESPONSE TO CHANGES IN EVAPORATI 

AND SOIL WATER POTENTIAL, AS SHOW BY 

OF LEAF RESISTANCE, TRANSPIRATION, LEA 

TURE, AND LEAF WATER COMTENT. 

CRIS WORK WIT: SWC-019-gG-3 CODE NO.: Ariz.-WCL-62-10 

. THE WATER USE EFFICIENCY OF AGAVE AND OHJNTU 

THE DESERT. 

INTRODUCTION : 

Two previous Annual Reports (1967, 1968) have described this 

project. After 21 months of growth on a moderately wet irrigation 

regime, on 14 July 1970 the agaves were put on wet versus dry 

treatments to determine the effect of two levels of soil water 

content on water use efficiency. At this time one-half of the 24 

plants per plot was harvested to measure water use efficiency 

under the preconditioning regime. The present objective is to 

irrigate the wet treatment plants frequently enough to avoid any 

large rise in soil water tension, but with such small increments 

of water, usually 10 mm, that the yearly total application, in- 

cluding both irrigation and rainfall, will be no more than 610 m 

(2 ft). 

Conversely, the dry treatment will be subjected to an in- 

creased stress by being limited to a total water application of 

about one-half that of the wet treatment. The effect on growth 

will be measured by periodic counts of new leaves and successive 

harvests of the lower leaves, and eventually by a complete harvest 

of the 12 remaining plants in each of the two agave plots. The- 

opuntia plants had not made sufficient growth to initiate dry vs. 

wet treatments by 14 July, and therefore still are being irrigated 

on a preconditioning schedule., 

RESULTS AND DISCUSSION: 

, From 10 October 1969 through 14 July 1970, 18 

given to both agave plots, all but three of the 

water applications consisting of 10-mm increments, as recommended 
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in last year's Annual Report. Table 1 shows the monthly values of 

both irrigation and rainfall. For the 9-month period the total 

application was 349 rnm. Projected to a yearly basis, this rate 

would be 465 mm, considerably less than the 686 mm applied the pre- 

vious year, and yet sufficient to maintain a good growth rate. 

This increase in efficiency of application presumably was due to 

less deep percolation with 10-mm than with 20-m irrigations. As 

shown in Table 2, the wet treatment was given 290 mm of irrigation 

water as compared to 60 mm for the dry treatment, from 15 July, the 

beginning of differential irrigation, through 30 November 1970, the 

time at which a "trimming up" harvest of only the lower, senascing 

leaves was made. Each irrigation except that on 16 July (20 mm) 

consisted of a 10-mm increment, Added to the rainfall, the total 

water application for the wet treatment was 374 mm, as compared to 

144 mm for the dry treatment. 

Because of what apparently was a developing sodium burn on 

some of the opuntias, both plots (No. 2 and 3) were given gypsum 

and two more irrigations than the agave plots (No. 1 and 4), for a 

total of 240 mm of irrigation water from 10 October 1969 through 14 

July 1970. Also, from 15 July through 30 November plot 2, the 

south plot, was given numerous supplemental irrigations in an 

attempt to maintain the soil water content close to that of plot 3, 

the north plot, although no "wet" vs. "dry" treatments had been 

started for opuntia. This more liberal schedule consisted of 27 

irrigations (totaling 280 mm) for plot 2 as compared to only 14 for 

plot 3 (totaling 140 mm) in addition to the 84 rnm of rainfall 

during the period. No quantitative evaluation of the relative 

growth in the two opuntia plots was possible, but the plants 

appeared to progress in a similar manner. 

The differential Irrigation of opuntia during the precondi- 

tioning period was tried in an attempt to avoid the prevalent 

difference in soil water content occurring when identical amounts 

of water were applied to north and south plots. This same 
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difference is shown by the north vs, the south plot of agave (Ffgure 

I), where the north plot (No, 1) stayed near 13% water content, but 

the south plot (No. 4) at only 9%) under the same irrigation 

regime. A texture analysis of the soils in plot No. 3 and 4 at 

three depths, 0-10 cm, 10-20 cm, and 20-30 cm revealed no signifi- 

cant differences with either depth or plot; the values for both 

plots ranged from 5 to 8% clay, 13-15% fine silt, 25-31% coarse 

silt, and 49-59% sand, which classifies the soils as a sandy loam. 

Moreover, the amount of particles larger than 2 mm did not vary 

between plots. As of now, the difference in water holding capacity 

is unexplainable. A tenuous hypothesis would be a structural 

difference, but no evidence for this is at hand. 

Soil Water Content (Bv). As mentioned in last year's report, 

both agave plots were given a total water application of 686 mm for 

the first year, during which time 179 new leaves developed in plot 

I (north plot), and 175 in plot 4 ,  Since both plots initially had 

24 transplants with the same aggregate weight, and since the number 

of new leaves was almost the same during a year's growth, it was 

assumed that the gain in weight was equal under the preconditioning 

irrigation schedule specified above. Therefore, equal amounts of 

irrigation water per plot were continued for another 9 months, al- 

though neutron meter readings had been showing a higher soil water 

content in plot 1 than in plot 4. 

That the differences were not negligible is shown graphically 

in Figure 1. Also quite apparent is the high sensitivity of the 

neutron method to small changes in 8 . The first prominent peak-in 
v 

8 occurs because a heavier than normal irrigation (20 mrn) on 26 v 
February was followed by two heavy rains on 2 and 3 March, total- 

ng 39 mm, and then a third rain of 15 mm on 5 March. 

Shallow applications (10 mm) cause an increase in 8 of about 1.5%, v 
ereas 20-mm applications raise 0 by about 3%) the amplitude de- 

v 
pending somewhat on the season. The two plots maintained a remark- 

ably consistent difference in Bv while the preconditioning period 
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was i n  e f f ec t .  After 14 Ju ly  the decreasing i r r i g a t i o n  frequency 

for  the "dry1' p lo t  (No. 1) was j u s t  beginning t o  p u l l  down 8 from 
V 

t s  cha rac t e r i s t i c a l l y  high value of about 13.5%, when a heavy r a i n  

on 6 September sent  Bv up t o  the highest  point of the year, 

rcent  on 11 September, From t h i s  point a slow decl ine  s e t  

n9 l a s t ing  u n t i l  l a t e  October when the 12% value p r io r  t o  the  r a i n  

was regained, No i r r i g a t i o n  was given t o  the "dry" p lo t  between 

s t  and 10 November. 

even i r r i ga t i ons  on the  "wet" p lo t  (No. 4) between 14 Ju ly  

middle of August, a s  well as 10 mrn of r a i n  succeeded i n  

0 somewhat - from about 8.5% during June and ear ly  Ju ly  t o  v 
an average of 9.5% from the middle of Ju ly  t o  the middle of August, 

en Qv s t a r t ed  t o  f a l l  of f ,  despi te  10-mm i r r i ga t i ons  on 21, 24 

August. The heavy r a i n  i n  ea r ly  September ra ised 6 t o  v 
2.5% b r l e f l y .  From t h i s  time on, frequent addi t ional  10-m irri- 

succeeded i n  gradually building up 8 with no d i f f i cu l t y ,  
v 

es averaging around 13% fo r  most of October, b r i n g  

and December, a decreasing frequency of appl ica t ion re-  

n a tapering off  t o  around 9%. This value i s  not consider- 

i t l n g  growth, s ince  no new leaves emerge during the  winter 

When growth s t a r t s  again, d i f f e r e n t i a l  i r r i g a t i o n  w i l l  be 

resumed. 

Intensive gravimetric sampling of the 

s o i l  i n  p lo t  4 (agave) was carr ied  out over a 3-day period i n  

gust  1970, with the following objectives:  (1) t o  ver i fy  the 

readings of the neutron meter, i n  view of the possible l imi ta t ion  

ed by monitoring 8 a t  a shallow depth (20 cm) t ha t  may permit v 
e s f  neutrons t o  the a i r ,  (2) t o  determine the depth of water 

on from the  usual  shallow i r r i g a t i o n  (10 mm) and t o  flnd 

out i f  da i ly  evaporation i s  a s ign i f i can t  f rac t ion  of the t o t a l  

iea t ion,  and (3)  t o  asce r ta in  the i r r i g a t i o n  frequency needed 

to  maintain 8 a t  a l eve l  consis tent  with a "wet" treatment. 
V 
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2 
Five sites within the 20 m plot were sampled with an 

Oakfield probe. Two cores were taken at each site at depths of 

0 cm, 10-20 cm, and 20-30 cm. Samples were collected just be- 

fore an irrigation. Water was applied rapidly and uniformly, 

being put on from 1025 to 1030 on 18 August, designated as 

e reference time (T ). Subsequent 5-replicate samples were 
0 

taken at To 4- 0.73, 2, 24, 48, and 72 hours, respectively. e 

data are shown in Table 3. Later, bulk density measurements were 

made for the three sampling depths, and a texture analysis also 

was made from soil at the five sites. These samplings indicated 

at 70% of the water applied was retained in the 0-10 cm layer, 

26% in the 10-20 cm level, and only 4% in the 20-30 cm level, when 

the half-time for soil sampling was 0.73 hour after T . 
0 

Use of the appropriate bulk density for each layer resulted 

in a calculated gain in Ov of 235 liters, as compared to the 

200 1 liters actually applied. This overestimate may be due to 

a bulk density value or to a nonuniform distribution of 

water over the plot, However, five sites were averaged for both 

8 and bulk density. 
V 

e chief value of this calculation is to show that under 

normal conditions there is no deep percolation. Table 3 does 

ow, however, that there is a redistribution of water occurring 

rst sampling (To + 0.73 hour, when 90% of the surface 
water had infiltrated) to the second time (To + 2 hours). This 

Setion of the upper layer amounted to 2.l%, whereas the corres- 

onding gain by the two lower layers totaled 1.8%. The small 

difference could be attributed to evaporation, but it is more 

e ly  to be experimental error. The significant points are that 

r moved below the root zone and that beyond two hours t 

was no further gain by the lowermost layer, but rather a loss 

ours to the upper levels. 

Ln an effort to check the validity of the neutron readings 

en at the 20-can de th (the only level corresponding to the bulk 
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e agave roo t s ) ,  Table 4 was constructed, comparing gravi -  

metr ic  and neutron meter r e s u l t s .  Although the  neutron meter i s  

ond t o  i r r i g a t i o n ,  the  change i s  small, and both the  

absolute value of 8 and the  change a r e  not  q u i t e  equal t o  the  
v 

corresponding values of gravimetric  data,  o r  t o  averages of d i f f e r -  

ths .  %n general ,  however, i t  can be concluded t h a t  the  

neutron meter readings a r e  only somewhat below the  t r u e  values.  

A Young pan 2 rn 

t h a t  evapotranspi- 

surface  temperature of the  wetted s o i l  was s l i g h t l y  higher than 

t h a t  of the  water surface  i n  the  Young pan, and s ince  70% of the  

l i e d  stayed near  the  surface  f o r  more than an hour, A s  

mentioned e a r l i e r ,  though, t h i s  computation may be s t r a i n i n g  the  

accuracy of the  data,  i n  vfew of the  shor t  i n t e r v a l  and consequent 

ange, On the  o ther  hand, over periods of a day o r  more 

the method should be va l id .  Such a comparison shows t h a t  ET from 

o t  i s  l e s s  than ha l f  of the  po ten t i a l  r a t e  even i n  the  

f i r s t  24 hours (Table 5) .  Over the  3-day period ET was on1 

s of 14 J u l y  1970, when one-half of the  agaves was 
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harvested from plot No. 1 and 4, the opuntia had not grown suffi- 

ciently to Justify the start of a drying cycle. As mentioned in 

last year's report, the opuntia plants in plot 2 had developed 32 

new pads in one year, as compared to 43 in plot 3, as of Oct 

y 1970, 4l more pads had developed in plot 2, and 59 

in plot 3. Nevertheless, ground cover was poor, due mainly to an 

initial number of only 12 plants per plot instead of the 24 for 

agave. Moreover, an apparent sodium burn caused the loss of 

several opuntia pads. Therefore, it was decided not to begin 

differential irrigation treatments on opuntia, but rather to extend 

reconditioning period. The preconditioning was modified in an 

attempt to maintain 8 in plots 2 and 3 closer together than pre- 
v 

in an attempt to equalize the production of new gads per 

is necessitated giving considerably more irrigations to 

plot 2 (south plot) than plot 3. 

B. Agave 

(1) Leaf Growth. Although the number of new leaves 

formed in the two plots was essentially equal during the first 

year (Table 6), four successive leaf counts during the next 39 

weeks of the preconditioning period gave an average of 20% more new 

leaves in plot 4 than plot 1. This hapPened despite the same 

irrigation regime in both plots and a significantly higher Bv in 

plot 1 than plot 4. Even though leaf number may not necessarily 

be proportional to fresh weight gain, it ordinarily is a good in- 

dication of growth. When the increase in fresh weight was deter- 

mined by harvesting 12 of the 24 plants in each agave plot, the-one 

ch leaf growth had been 20% better, plot 4) gained much less 

lot 1, which is a paradox, 

uring the 19-week period from 14 July to 23 November plot 4 

produced the larger number of new leaves, just as it had 

done four times previously. Therefore, this fact by itself is no 

indication of an influence of the wet treatment (higher frequency 

irrigation schedule) on growth. However, on 23 November the ratio 

Annual Report of the U.S. Water Conservation Laboratory



of plot 4 to plot 1 was the highest it had ever been (1.38). Such 

a high ratio is evidence that the differential irrigation schedule 

in effect for 19 weeks probably was taking effect. It cannot be 

determined if the high ratio is due to a stimulation of leaf 

growth by the wet treatment as compared to the previous moderately 

wet schedule or to an inhibition of leaf formation on the dry 

treatment, Later leaf counts during good growing weather should 

determine the answer. Also, periodic leaf harvests from the 

bottom of the plant should correlate with the moisture level of the 

Over the 21-month preconditioning period plot 4 gained 35 kg 

(from an initial fresh weight of 9845 g to a weight of 44750 g 

on 14 July 1970). In contrast, although in plot 1 the initial 

weight of the 12 plants was only slightly more than that of plot 4 

(11987 g), the final weight was much more (68250 g), a gain of 

is large difference in favor of plot 1 is hard to recon- 

cile with the equality of leaf production during the first year 

and the repeated measurements of leaf count in favor of plot 4. 

However, a correlation that probably is significant in explaiin- 

Eng the results is the persistently higher 8 in plot 1 than in v 
plot 4, even under the same irrigation regime (Figure 1). The 

higher 0 presumably would be associated with a lower soil water 
v 

tension and therefore be conducive to improved growth, manifested 

in fresh weight gain. 

(2) Water Use Efficiency. Over the 1.75-year pre- 

period both plots 1 and 4 received the same total 

water application of 1035 mm, made up of 390 mm of rain and 645 mm 

of irrigation water (34 applications, mostly in 10-mm increments). 

The fresh weight gain of 56 kg from one-half the plot (No. 1) can 

ght of as having been produced on one-half the total water 

application, or 517.5 mm. These data give a water use efficiency 

(WE) of 5.4 kg me3 of water for plot 1. For plot 4 the yield of 

35 kg for the same amount of water(517.5 mm) gives a 
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For comparison, a calculation of the WUE of alfalfa grown in 

the Salt River Valley, Arizona is made, as follows: total ET for 
3 

one year is 7500 m (from L. 3 .  Erie's consumptive use data, 73 

inches per year). Total yield of fresh weight, estimated from an 

air-dry weight of 10 tons per acre, is 40 tons per acre, or 36280 
-3 

kg, Therefore WUE = 4.8 kg m . This computation indicates that 

even at an early stage of growth, the WUE of agave is on a par 

with that of alfalfa, a crop that is believed to represent quite 

a challenging comparison. As the agaves grow larger, forming a 

canopy, less surface evaporation should occur, with the likelihoock 

that the same or even less irrigation water will be required, even 

from larger plants, in view of the agave's capability of daytime 

stornatal closure. Also, production should increase as further 

growth by both the original plants and the offshoots occurs. 

erefore, WUE can be expected to increase with time. 

RY AND CONCLUSIONS: 

Reducing the amount of irrigation water from 20 to 10 

the atandard application during the nine months that made up the 

second part of the preconditioning period succeeded in decreasing 

the total water application (rain plus irrigation) from 686 mm per 

year to a prorated yearly value of 465 mm for the agaves, The 

opuntias were given two more irrigations than the agaves to help 

correct a sodium burn. On 14 July differential irrigations were 

begun for agave, with the objective of maintaining a fast growth 

rate in the wet treatment. This was done by increasing irrigation 

frequency to maintain a low soil water tension in the root zone. 

The goal is not to exceed 610 mrn total water application per year 

for the wet treatment, as compared to about half as much for the 

dry treatment. 

Yield over the 21-month preconditioning period was greatly 

different on the two agave plots, There was a fresh weight gain 

of 56 kg for plot 1 (12 of the original 24 plants being harvested); 
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plot 4 gained only 35 kg, despite the fact that the first year's 

increase in leaf number was equal in both plots and that leaf 

rowth rate during the nine months before harvest was 20% greater 

in plot 4 than plot 1. The greater gain in fresh weight in plot 1 

was positively correlated with the consistently higher soil water 

content in plot 1 than plot 4, despite equal irrigations. In the 

21-month preconditioning period 1035 mm of water was applied to 
-3 

both plots, giving a calculated water use efficiency of 5.4 kg m 
-3 

for plot 1, and 3.4 kg m for plot 4. These values compare favor- 

ably with that for alfalfa, 4.8 kg mm3. 

Intensive gravimetric sampling over a 3-day period established 

that (I) the neutron meter readings taken at 20 cm are highly re- 

sponsive to changes in soil water content, but slightly below the 

true moisture value, (2) no percolation occurs below the 30-cm .. 

from the standard 1bmm irrigation, and (3) evapotranspira- 

tion drops below the potential rate 24 hours after irrigation, and 

( 5 )  during hot weather the l0;m of added water is depleted in 

out three days, thus requiring frequent irrigations to maintain 

a wet treatment. 

Present plans are to continue the wet and dry treatments as 

already described, making periodic leaf counts and small leaf 

asvests from the lower part of the plant for determination of the 

gain in fresh weight with time., Knowledge of the total water 

application at any harvest time will permit successive calcula- 

tions of water use efficiency. It is believed desirable to make a 

large enough number of these measurements for the total weight 

gain to be great in proportion to the initial fresh weight on 14 

July, in order to minimize the effect of possible errors in esti- 

mating initial fresh weight of the 12 plants left after the 

reconditioning harvest. 
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ED WATER STORAGE I N  SAND BY S 

TED TO POTATO PRODUCTION. 

e of the  preliminary research reported here was t o  

augment ava i l ab le  water s torage  i n  sand by placement of sub-surface 

a r r i e r s  of water-repellent  ma te r i a l  t o  minimize water losses  due 

percola t ion .  Low cos t  mater ia ls  which achieve t h i s  goal  

xpected t o  b r i n  about an increase  i n  water use  e f f i c i e n c  

y lowering the  water requirement o r  by enhancing crop 

n a given amount of water,  Sprayable s i l i c o n e s  show 

promise of meeting both the  economic and technological  requirements 

ccess, and were used a s  sub-surface b a r r i e r s  t o  increase  the  

growth of potatoes.  

'I) RESULTS : 

i t  was excavated i n  the  lysimeter f i e l d  a t  t h i s  La 

0 f k  long by 10 fk wide by 3.5 f t  deep, s loping t o  4 f t  st  

the nor th  end, Tke p i t  was l ined with bu ty l  rubber s h e e t i  

ded with a gravel-covered t i l e  d r a i n  over i t s  whole 

nil a sump a t  the  lower end, equipped with a drainage 

as  f i l l e d  with r i v e r  sand c lose ly  simulat ing Supers t i t ion  

sand, and i r r i g a t e d  heavi ly  with t ap  water f o r  consolidat ion,  

d leaching; then the  drainage water was pumped out.  

Treatment (A) was a control ,  a conventional 

no sub-surface b a r r i e r  (other  than the  buty 

Treatment (B) was a deeply placed b a r r i e r  w 

eing p a r a l l e l  t o  and 18 inches below t h e  gxoun 

t i o n  t o  forming the  sloping walls  and ends of a -  

whose bottom was 7 iEt long f t  wide; the  o v e r a l l  

y 500 l i t e r s ,  Treatment (D) was a shallow 

"'see" whose apex was 10 inches below t 

elow the  cen te r  of the  i r r i g a t i o n  furrow, Since 

e furrow was 4 inches deep, the  depth of sand over the  a 

only 6 inches,  The upraised segments of the  q9vvee,P' 
0 

ong, were set apar t  a t  a 75 -angle, and t 
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all amount of water, but woul 

sideways, for efficient appli- 

. After the surface of the sa 

excavation and use of a 

d along the 9-ft rows, The barrier was made b 

-20, a commercial silicone liquid that forms a thin, 

lXent layer after curing. When the layer had dried, sand 

ck in place, recommended amounts of nitrogen and phospho- 

rous fertilizers were added, and the seed pieces were planted at 

e overall ground level and covered with sand. The variety was 

ontiac, a red-skinned potato grown locally. Seed pieces had bee 

a fungicide, and were planted 6 inches apart in the 

row, two rows to a bed, on 18 March 1970. Additional nitrogen was 

l i e d  on 13 May; both nitrogen and potassium were applied on 1 

e 13-week growing period 20 irrigations 

(B) and (D), and 21 to (A), the control, 

eginning on 18 March. Criteria for irrigation were: (1) plant 

scheduling experience, and (3) tensiometer 

pth. Irrometer tensions 24 hours after 

were allowed to rise to 10 cb before 

Pnation of the soil water characteristic 

nflower wilting point, it was calculated 

er tension from 6 to 10 cb represents a 

f of the available water. The irromefers 

were in line with the seed pieces. During irrigation, water was 

i ed  at a rate high enough to build up a 10-cm head in the 

furrow, and was run long enough to move across a 43-cm distance to 

e irrorneter cup and lower the tension from 10 cb to zero. This 

crfterlon usually was met by application of 500 liters (R) to ( 

, and 300 R to (D) . On occasion much larger irrigations 

ven to induce subbing to a point 20 cm beyond the center of 
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row. The t o t a l  quant i ty  
3 

2 , O  m fo r  (B), and 11.8 m 
3 

o the same area f o r  

ivalent  surface depth was 

3 
of water applied was 1 8 , l  m f o r  ( 

f o r  (D) .  Since these volumes were 
2 

a l l  treatments (4.74 m ), the 

383 cm fo r  ( A ) ,  253 cm fo r  (B), and 

D). These a r e  large  amounts of water, a s  might be ex- 

or  a sandy s o i l  i n  a hot, dry climate. Nevertheless, i n  

and (D) treatments the s i l i cone  b a r r i e r  reduced t 

eguirement about 35% below tha t  of the control .  

e  s a l t  content of the  i r r i g a t i o n  water was low, averaging 
- l 

o cm (510 ppm) over the whole season. Frequent pu 

he drainage water combined with considerable leac 

ed the e f f luen t  almost as low at3 the i r r i g a t i o n  water 

5 ppm). After ni trogen f e r t i l i z a t i o n  a s 

) That the  b a r r i e r  was effec-  

The data f o r  24 m r c h  

sent  a dry s i tua t ion ,  s i x  days a f t e r  i r r i ga t i on ,  i n  contras t  

e r  dates,  where Ow i s  the value 24 hours af 

t ion ,  A t  the  three  depths on a l l  four dates Bw was higher 

an (A) ,  the overa l l  average di f ference being 2.4%. 

seemingly small, t h i s  d i f ference i s  enough t o  lower s o i l  

from 7 t o  5 cb. This may be su f f i c i en t  when integra-  

ed over a Bong eriod t o  increase growth a t  the  low tension, 

the extreme s e n s i t i v i t y  of growth t o  low t i s sue  water 

Growth and Yield, Late planting may have reduced yie lds  

ded tubers, i n  grams per p lot ,  was: (A) 2556, 

4182. The s i l i cone  ba r r i e r s  i n  treatments 

educed the i r r i g a t i o n  requirement, but  a l so  increased 

e term "water use eff iciency" takes both fac to rs  

e water use eff iciency,  i n  kg y ie ld  
3 
0 

ed, was : (A) 0,1, (B) 0.7, and (D) 0.4. 
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RY AND CONCLUSIONS : 

It appears obvious from these preliminary results that 

silicone barriers do enhance soil water storage in sand, and that 

even a small augmentation can increase yields. However, the com- 

parative yields may be somewhat misleading, since the rela 

dings may be affected by irrigation scheduling, For example, 

a greater number of smaller irrigations than were given in this 

eriment might have improved the yield of the control more than 

t of treatments (B) and (D). Despite these qualifications, 

these data demonstrate the potential of silicone barriers to in- 

crease water use efficiency economically. 

EL: William 3,. Ehrler 

IRATION DATE: December 1970 

Annual Report of the U.S. Water Conservation Laboratory



thly amounts of water received by the two agave plo 

eef from 10 Oct 49 

By Irrigation By Rainfall Total 

Dec 

May 
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Table 2. Monthly amounts of water received by the wet and dry 

treatments of agave a t  Granite Reef from '15 J u l  through 

30 Nov 1970, i n  millimeters. 

- -- - -- -- 

By Rainfall  Total  

nth Wet T r t ,  Dry T r t .  (Both Tr ts . )  Wet T r t .  Dry T r t .  

J u l  (15-31) 50 10 3.3 53.3 13.3 

A W  6 0 4 0 10.2 70.2 50.2 
S ~ P  50 - 64.2 114.2 64.2 

Oc "c 90 .. 4.7 94.7 4.7 

Nov 40 10 1.8 41.8 11.8 

TOTAL 290 60 84.2 374.2 144.2 
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Table 3 ,  Prof i l e  changes i n  s o i l  water content, ercent by volume, (BV) a f t e r  a 5-minute 

hication of 10 mm of water t o  agave p lo t  4 on 18 Aug 1970. 

Mean of two cores a t  f i v e  s i t e s  

Depth To - To + To + To + 

T + 
To + 

Percent of t o t a l  gain 
0 

(em> 0.5 h r  0.73 h r  2 h r  24 h r  48 h r  7 2  h r  a t  To + 0.73 h r  
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o f i l e  changes i n  s o i l  water content In  agave p lo t  4 a t  Granite Reef as  measured 

gravimetrically and with a neutron meter, i n  response t o  a 10-mu i r r i g a t i o n  on 18 Aug 1970. 

Soil..water content, percent by volume* 

Gravimetric 

Depth Before After  Probe midpoint Before Af ter 

( 4  I r r i g  I r r i g  Gain depth (cm) I r r i g  I r r i g  Gain 

0- 10 7;O 15.3 8.3 10 7.2 9.3 2.1 

w 
w 20-30 7.8 8.2 0.4 30 9.2 9.4 0.2 
1 
I-' 
03 Mean of 

0-30 7.5 11.4 3.9 

Mean of 

JtGravimetric values converted t o  a volumetric bas i s  by use of the  following bulk dens i t i es :  

1.72 f o r  0-10 cm depth, 1.85 fo r  10-20 cm, and 1.74 f o r  20-30 cm. 

Annual Report of the U.S. Water Conservation Laboratory



Table 5. Potent ia l  evaporation (E ), measured with a Young pan a t  Granite Reef, as compared with 
0 

ET from agave p lo t  4. 

Pan In te rva l  E 0 ET E 
0 

Date Time level ,  (hr) ( m )  m / h r  m/24  hr  m / h r  m/24  hr  

51.18 

51.13 1.83 0.5 0,27 0.24 

51.10 0.80 0.3 0.38 

50.10 23.87 10.8 0.45 10.8 4.2 

48.80 24.00 13.0 0.54 13.0 2.6 

48.77 2.0 0.3 0.15 

57-03 (pan r e f i l l e d )  

56.13 21.0 9.0 0.43 10.3 4.1 
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Table 6 ,  Growth rate of agave at Granite Reef before and after initiation of the wet vs. dry 

irrigation regimes on 14 July 1970. 

No. of new leaves No, of New leaves per week Plot 4 

Date Plot 1 Plot 4 Weeks Plot 1 Plot 4 Plot 1 

10 Oct 68 Reference date (Hod. wet) 

10 act 69 17 9 175 52,O 3.4 3.4 1.00 

13 Feb 70 47 6 0 15.4 3 -0 3.9 1.30 

09 Apr 44 5 2 7.8 5.6 6.7 1.20 

08 May 20 24 4.1 4.9 5.8 1.18 
I-' 
u 13 Jul 9 0 9 9 9.6 9.4 10.3 1.10 

I 
w 
o 14 Jul ONE HALF OF THE 24 PLANTS PER PLOT REHOVED (Dry) (Wet) 

23 Nov 45 6 2 19.0 ' 2 ;4  3 , 3 1.38 
. . 

v .  
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Table 7. Soil water content, percent by weight, at three depths 

under the surface of the potato irrigation furrow at four 

sampling dates. 

24 March 

Treatment 

Depth 

(cd A B D 

26 Plarch 

Treatment 

4 April 17 April 

Treatment Treatment 

Depth 

(cm) A B D 

2-5-10 4.9 8.7 7.5 

10-18 5.7 7.2 - 
18-25 5.9 6.1 - 
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F i g u r e  1. Changes i n  s o i l  w a t e r  c o n t e n t  by volume ( 8  ) a t  20 ern a s  measured w i t h  a n e u t r o n  mete r  
v 

in agave  p l o t  No, l and 4 i n  response  t o  r a i n f a l l  and d i f f e r e n t i a l  i r r i g a t i o n  l e v e l s .  
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TITLE : IRRIGATION OUTLET STRUCTURE TO DISTRZBI.?%T 

WATER ONTO EROSIVE SOILS, 

CRIS WORK UNXT: SWC-019-e;G-3 CODE NO.: Ariz.-WCL-66-2 

INTRODUCTION: 

For need of study, see  Annual Report, 1966. 

OBJECTIVES: 

9. To obtain design c r i t e r i a  for  low-cost i r r i g a t i o n  

o u t l e t s  t h a t  w i l l  d i s t r i b u t e  l a r g e  streams of water without 

excessive erosion. 

PROCEDURE : 

The major a c t i v i t y  on t h i s  p ro jec t  has been t o  const ruct  

o u t l e t s  a t  farm s i t e s  where erosion problems e x i s t ,  observe t h e i r  

operat ion,  determine t h e i r  weaknesses, then r e p a i r  o r  reconst ruct  

them and continue t o  observe t h e i r  performance and longevity. 

Zn 1970, a new s t r u c t u r e  was b u i l t  on t h e  Wheeler Ranch near 

Tacna, Arizona, A very ser ious  erosion problem exis ted ,  associated 

with a jack gate  normally discharging about 1 7  c f s  i n t o  a bermuda- 

grass  f i e l d .  A s e d - c i r c u l a r  d i s s i p a t o r  w a l l ,  1 f t  high, equipped 

with a 4 f t  apron, was constructed of concrete, To date ,  erosion 

seems t o  be eliminated. 

The SS-2 asphal t  s t r u c t u r e  on the Spencer and Spencer Ranch 

was r e b u i l t  a f t e r  bermudagrass and sand burrs  penetrated through 

the  asphal t ,  A c lay  enulsion was placed over the  SS-2. No 

v i s i b l e  signs of breakthrough of weeds have been observed, t o  da te ,  

Most of the  f i v e  s t r u c t u r e s  on the  Fred Enke Ranchwere 

repaired. Damage was due t o  machinery, and design seemed t o  be 

adequate. 

The Cannon Ranch s t ruc tu res  ,have been i n  for  more than f i v e  

years.  Machinery cannot reach these s t ruc tu res ,  but  bermudagrass 

i s  abundant and has caused separat ions where concrete has been 

Annual Report of the U.S. Water Conservation Laboratory



poured a t  d i f f e r e n t  t imes,  Since 1965, aprons have been a t tached  

t o  t he  poxes i n  such a way t h a t  t h i s  problem i s  now v i r t u a l l y  

e l imina ted ,  These s t r u c t u r e s  w i l l  be changed and r epa i r ed  t o  

a l l e v i a t e  t h e  bermudagrass problem. 

The s t r u c t u r e s  on the  Curr ie ,  Woodhouse, Naquin and Spaar 

ranches seem t o  be designed proper ly ,  and only machinery damage 

has been noted, The Woodhouse s t r u c t u r e s  a r e  i n  conjunct ion  with 

jack  ga t e s .  Length of run  s t u d i e s  on the  Woodhouse and Spaar 

ranches,  which a r e  dead l e v e l ,  were conducted i n  1970. 

SUMMARY ANI) CONCLUSIONS: 

S t r u c t u r e  i n spec t ions  t h i s  year  showed t h a t  d i s s i p a t o r  boxes 

w i l l  d i scharge  non-erosive streams of water when they a r e  proper ly  

a t tached  with app ropr i a t e  components, 

Properly designed s t r u c t u r e s  d i d  n o t  f a i l  because of n o r m 1  

wear, but  because of damage by machinery. S t r u c t u r e s  a s soc i a t ed  

with t h e  jack g a t e s  have n o t  been i n s t a l l e d  long enougb t o  t e s t  

whether o r  n o t  our  design i s  c o r r e c t ,  The s t r u c t u r e s  we b u i l t  

have stopped t h e  e ros ion ,  and hopefu l ly  t h e  ope ra to r s  w i l l  r e l e v e l  

and f i l l  t he  a r e a  t h a t  was eroded be fo re  t h e  s t r u c t u r e s  were b u i l t ,  

Then, we can proper ly  eva lua t e  our  s t r u c t u r e s  and make any necessary 

changes, 

PESO-: L, J, E r i e ,  J. A ,  Replogle, D. A .  Bucks, and 0 .  P. French 

mRRENT TERMXNAT JON DATE : December lg?O, 
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TITLE : FLOW MEASUREMENTS I N  OPEN CHANNELS WITH CRITICAL 

DEPTH FLUMES 

CRIS WORK UNIT: SWC-019-gG-3 CODE NO.: Ariz.-WCL 67-1 

INrnODUCTLON: 

Prev ious  r e p o r t s  ( s e e  Annual Repor t s  f o r  1966-1969) suni- 

marized t h e  r e s u l t s  of  s t u d i e s  on s e v e r a l  c r i t i c a l - d e p t h  fluntes 

w i t h  t h r o a t  s e c t i o n s  t h a t  were t r a p e z o i d a l ,  t r i a n g u l a r  o r  c i r c u l a r .  

The t e c h n i c a l  paper  "Flow Measurement w i t h  C r i t i c a l - D e p t h  Flumes,"  

p r e s e n t e d  i n  A p r i l ,  1969, b e f o r e  t h e  V I I  Congress of  t h e  I n t e r -  

n a t i o n a l  Conunission on I r r i g a t i o n  and Drainage,  Mexico C i t y ,  was 

s u b s e q u e n t l y  fo l lowed  by a  p r e s e n t a t i o n  i n  J u l y ,  1970,  b e f o r e  t h e  

Anterican S o c i e t y  of  Agri C I I  lt u r a l  Eng ineers .  Tllc paper  t i  1 l c  was 

"Cr i t i ca l .  Depth Flumes l o r  Determining Flow i n  Canals  and Na t t t r a l  

Channels .  " While t h e  f i r s t  paper p r e s e n t s  sowe t h e o r e t i c a l  

a s p e c t s  f o r  p r e d i c t i n g  t h e  c a l i b r a t i o n  r e s u l t s  f o r  Slumes and 

a l s o  surnrnari zes t h e  c r f c c t s  o r  i n s t a l l a t i o n  anomal ies ,  t h e  second 

paper  proposed s i z e s  SOL- s e v e r a l  common d i t c h  shapes  f rc>qiicnt l y  

c o n s t r u c t e d .  

S e v e r a l  mare f lumes have been des igned  f o r  o t h e r  a g e n c i e s ,  

t h r e e  of  which have been c o n s t r u c t e d .  

F i v e  more f lumes have been c o n s t r u c t e d  t o  check a  v a r i e t y  of 

a s p e c t s  i n c l u d i n g  t h e  e f f e c t s  of  roughness  i n  t h e  t h r o a t  and i t s  

r e l a t i o n  t o  t h r o a t  l e n g t h  and shape,  b r i n g i n g  t h e  t o t a l  of  Slume 

shapes  c a l i b r a t e d  t o  t e n .  

PROCEDURE: 

The l a b o r a t o r y  c a l i b r a t i o n  was made a s  p r e v i o u s l y  d e s c r i b e d  

u s i n g  a  g r a v i r n e t r i c  (weighing) s y s  tern t o  dc te rminc  d i  scharge  

r a t e s .  Head i n  t h e  Lluntes was r e f e r e n c e d  t o  tlle bottonr oS t h e  

o u t l e t  end of  t h e  t h r o a t  s e c t i o n ,  bu t  was measured i n  t h e  approach 

s e c t i o n  of t h e  f lume. Because t h e  c r o s s - s e c t i o n a l  a r e a  of t h e  

f low i n  t h e  t h r o a t  of  t h e  S l u m  i s  of pr imary impor tance .  sonie 

changes i n  s e l e c t i n g  t h e  r e f e r e n c e  p o i n t  were made t o  improve 

t h i s  a r e a  d e t e r m i n a t i o n .  A t e m p l a t e  was a c c u r a t e l y  c u t  t o  t h e  

Annual Report of the U.S. Water Conservation Laboratory



i r i L  vilcled sh:tpc o l Llic ,  I ltline L l l r w l .  Tllc Lc~~rlpl;~ L ( 5  w i  C I I  know11 c r . 0 5 ~ -  

s e c t i o n a l  a r e a  was p laced  i n  t h e  flume t h r o a t  a n d  t h e  r e f e r e n c e  

coniputed irom t h e  top  of  t h e  known a r e a  t e m p l a t e .  T h i s  method 

produced a  b e t t e r  computat ion of actt la  1 Clow a r e a  a v n i  l a b l c  than 

might be o b t a i n e d  by ref  c r e n c e  to a s i n g l e  p o i n t  un t h e  i l i l ~ ~ c  

f l o o r ,  e s p e c i a l l y  i f  t h e  flume Cloor i s  i r r e g u l a r .  For  t r i a n g u l a r  

and t r a p e z o i d a l  t h r o a t s  t h e  t empla te  was trimmed a t  t h e  c o r n e r s  

i n  o r d e r  t o  a l l o w  t h e  c o n f i n i n g  w a l l s  t o  d e l i n e  t h e  a r e a ,  The 

s l i g h t  f i l l e t s  i n  t h e  c o r n e r s  a s  c o n s t r u c t e d  r e p r e s e n t e d  n e g l i g i b l e  

a r e a  e r r o r s .  

Not ing t h e  problems invo lved  i n  c o r r e c t l y  p r e d i c t i n g  low 

f lows by t h e  boundary- layer  t h i c k n e s s  method d e s c r i b e d  i n  Annua 1 

Repor t ,  1969, t h e  computer was used t o  e v a l u a t e  o t h e r  models of  

f r i c t i  on a c c o u n t i n g .  C o n s i d e r a b l e  improvement, a p p l i c a b l e  t o  a  11 

shapes  t e s t e d  and t o  s e v e r a l  Tlumcs c a l i b r a t e d  by o t h e r s  r e s t t l t c d  

from e v a l u a t i n g  t h e  E r i c t i o n  a s  i f  i t  were t h e  t o t a l  d r a g  on F l a t  

p l a t e s .  The o n l y  problem t o  d a t e  i n v o l v e s  u n d e r - p r e d i c t i n g  t h e  

d i s c h a r g e  f o r  a  t r i a n g u l a r  t h r o a t e d  flume w i t h  a  narrow opening 

(30°). A l o g i c a l  e x p l a n a t i o n  a p p e a r s  t o  be t h a t  t h e  d r a g  dnes 

n o t  deve lop  a s  p r e d i c t e d  because  of mutual  i n t e r f e r e n c e  near  t h e  

s h a r p  bottom c o r n e r .  

COMPUTATIONAL DERIVATIONS AND PROCEDURES: 

The boundary l a y e r  t h i c k n e s s  method d i s c u s s e d  i n  Annual 

Repor t ,  1969, worked f o r  most f lumes bu t  gave some problenis a t  

low f lows.  S i n c e  i t  was based on a d j u s t i n g  t h e  f low a r e a  t o  

accoun t  f o r  t h e  maximum t h i c k n e s s  of  t h e  boundary l a y e r ,  i t  

proved i n c o n v e n i e n t  t o  i n t r o d u c e  o t h e r  e f f e c t s  such  a s  l o c a t i o n  

o f  t h e  d e p t h  s e n s i n g  and l e n g t h  of  t h e  t r a n s i t i o n .  Recourse 

t o  boundary d r a g  concep t s  a l l o w s  one t o  make computat ions  a s  

d e t a i l e d  a s  c lcs i red .  However, many compromises between t h e  

advances  i n  modern boundary l a y e r  t h e o r y  and t h e  a p p l i c a t i o n  

t o  t h e  p r e s e n t  problem were made because  i n  most c a s e s  t h e  p r e c i s e  
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rougtrnc~ss p r o p e r t i e s  of the  w a l l s  were not  known Lo a  t legrec t l io t  

j u s t i  f ie t i  an ex t remely  r igoro i l s  cornputat-ional p rocedure .  For-  

flume c a l i b r a t i o n s  t o  abou t  2% over  a  low f low t o  h igh  [low 

r a t i o  of more t h a n  1 t o  100. 

The method of  p r e d i c t i n g  boundary d r a g  i s  developed from the) 

concep t s  p r e s e n l e d  i n  S c h l i c l ~ t i n g  ( 4 )  l o r  one s i d e  o t  a  f l a t  p l ~ l c  

h e l d  p a r a l l e l .  t o  t h e  g e n e r a l  f low of a  f l u i d .  

Using t h e  p r i n c i p l e s  o l  f l u i d  dynamics, t h e  t h r o a t  s e c t i o n  

o r  t h e  flume can be  conceived a s  a  l l a t  p l a t e  warped i n t o  t h e  

g e o m e t r i c a l  shape  of t h e  t h r o a t .  A f l u i d  f lowing  through t h e  

t h r o a t  w i l l  c r e a t e  a  d r a g  on t h e  i n s i d e  s u r f a c e .  T h i s  f o r c e ,  D, 

i s  assumed e q u a l  t o  t h e  d r a g  c r e a t e d  by t h e  f low oL f l u i d  a l o n g  

one s i d e  of a  f l a t  p l a t e  h e l d  p a r a l l e l  t o  a  f l u i d  f l a w  and i s  

g iven  by 

where C i s  t h e  t o t a l  d r a g  c o e f f i c i e n t ,  p i s  t h e  mass d e n s i t y  of 
E' 

t h e  f l u i d ,  V i s  t h e  a v e r a g e  l l u i d  v e l o c i t y ,  and t h e  p l a t e  s u r r a c e  

a r e a  i s  given by t h e  p roduc t  o l  t h e  wet ted  p e r i m e t e r ,  P, a n d  tlic 

t h r o a t  l e n g t h ,  L, 

The boundary l a y e r  i s  assumed t o  beg in  i t s  development a t  

t h e  l e a d i n g  edge of t h e  p l a t e ,  o r  i n  t h i s  a p p l i c a t i o n ,  a t  t h e  

e n t r a n c e  t o  t h e  f lume t h r o a t .  F u r t h e r ,  t h e  boundary l a y e r  i s  

assumed t o  have a  l aminar  r e g i o n  e x t e n d i n g  from t h e  l e a d i n g  edge 

t o  some c r i t i c a l  Reynolds Number, 
Rc ' based on l e n g t h ,  X from 

c ' 
t h e  l e a d i n g  edge,  a f t e r  which t h e  d r a g  w i l l  be  determined by 

t u r b u l e n t  boundary l a y e r  c o n c e p t s .  The e x i s t e n c e  of t h e  laminar  

s e c t i o n  causes  t h e  t o t a l  d r a g  t o  d e c r e a s e ,  a n d ,  f o l l o w i n g  P r a n d t l  

( S c h l i c l 1 ~ i n g  ( 4 )  p .  538), Lhe tlvcrciase can be cs l ima te t l  i f  i t  i s  
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nssuiricd t h a l ,  i n  ~ h c  s e c t  i o n  bcyoutl t l ie  poinL 0 1  t ~ ~ t n s i  t i o ~ i ,  L l ~ c a  

t u r b u l e n i  boundary  l a y e r  bc1havc.s as  i l i t  were  l t l rbu  l e n t  lrc>rn tlicl 

Leacliitg edge .  Thus ,  i t  i s  r i cxcs sa ry  t o  s u b t r a c t  t l i ~ i  ~ u r b u l c n t  

d r a g  up t o  t h e  p o i n t  o f  Lrarlsi t i o n  a n d  t o  add  t h e  l a m i n a r  d r a g  

f o r  t h e  same l c n g t h .  

The corrected t o ~ a i  d r a g  ~ o ~ f l i c i e n t ,  c;, lor  n g i v e n  f Luoir 

t lrro;~ L c~trt  L l r c > ~ i  bc, sliown I o 1 ~ .  

l amina r  s k i n  f r i c t i o n ,  r e s p e c t i v e l y ,  l o r  Lhc. t o t a l  t1r;rg up  t o  X 
C 

where  t r a n s i t i o n  o c c u r s  ( i . c .  a t  Rc) ,  R i s  t h e  l e n g t h  Reynolds  
L 

Number b a s e d  on t h e  e n t i r e  t h r o a t  l e n g t h ,  L3, and  C i s  t h e  
F 

c o e t  f i c i e n t  o f  t o t a l  s k i n  f r i c t i o n  based  on t u r b u l e n t  f l o w  alscr 

o v e r  t h e  e n t i r e  l e n g t h ,  
L3* 

No c o m p l e t e l y  c o r n p r ~ h ~ n s i v e  method f o r  r e l i a b l y  p r e d i c t i n g  

R i s  a v a i l a b l e .  S c h l i c h t i n g  (4 ,  p.379) e s t i m a t e s  i t  t o  r a n g e  
c  

5 6 
from 3 .5  x 1 0  t o  a b o u t  10  , b u t  H a r r i s o n  ( 2 )  u s e d  a r a n g e  troni 

5 6 3 x 10 t o  3 x 1 0  . SmooLh b o u n d a r i e s  and  low t u r b u l e n c e  i n -  

r o u g h n e s s  rmy be used  ( S c h l i c l ~ t i n g  ( 4 ,  p .559 ) )  t o  c s t i ~ r ~ i l c ,  li . 
c  

A L i n e a r  e m p i r i c a l  r e l a t i o n s h i p  was chosen  t h a t  woulcl k e e p  R 
c  

i n  t h v  r a n g e  suggcsLcd by Sch I i c l i t i n g  ( 4 )  f o r  most  f 1 ~ 1 1 t c  ~ h r c v i  t 

LcrigLlis l i k e l y  t o  hc cncounLered ,  i . c .  Ii s l iou ld  n o t  exceed  10 
6 

C 

even  f o r  smooth g l a s s  f l umes  w i t h  t h r o a t  l e n g t h s  o f  10  I t .  The  

r e l a t i o n  chosen  was 
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Diagranl" ( k - l a r r i s o ~ ~  ( 2 ) )  , or b y  i t e r a t  i v e  Ly s o l v i n g  t h e  cqua t  ir>n 

tor  tllc l aminar  r c g i o n  oS t h e  boundary 1;lyer clevc~1oprnc:nt. o r  

When t h c  estilrr;ric>d v a l u e  lo r  K exceeclsK t h e  C ' i s  give11 by 
c 1, ' F 

e q u a t i o n  (5) wi th  C a n d  R r e p l a c i n g  C and R r e s p e c t i v e l y .  
F L F ,  I. c  

Equa t ion  ( 1 )  ciin then  be so lved  wi th  C = CG. 
F 

Tlie d r a g  f o r c e  can be r e p r e s e n t e d  i n  terms of: head l o s s  by 

o b s e r v i ~ ~ g  t h a t  tlie d r a g  f o r c e  i s  r e t a r d i n g  a  vol.ua~e o f  wa te r  wi th  

weight  7 p e r  u n i t  volume moving under t h e  i n f l u e n c e  o r  a n  energy 

g r a d i e n t  such  t h a t  i t  l o s e s  R head i n  a  d i s t a n c e  L o r  

EI 
D =  y A L -  

L (6) 

T h t  same r e s u l l  c an  bcl ob tc i in~ .d  I rom work a n d  1x)wer con- 

s i d e r a t i o n s ,  s i n c e  trom t h c  power standpoint .  
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s e c t  inn Irom t h e  poinL of  dep th  measurement l o  tltc' ent  r ance  of t h e  

c o t ~ v e r g  ing sec t  i o n ,  and tllost. t l ~ r o u g h  t h e  convergi  ng s c c t i o n .  

These a r e  approximated by u s i n g  an aver , lgc  clrLig coeSfici tknt  o l  

0.0235 and a n  a v e r a g e  we t t ed  pcrirneLer i n  t l ~ c  converg ing  s c c t i o n  

based on t h e  e n t r a n c e  a r e a  and an e s t i m a t e d  e x i t  a r e a .  The e x i t  

a r e a  dep th  was c a l c u l a t e d  t o  bc equaL t o  t h e  c r i t i c a L  dep th ,  
Y3' 

i n  Lhe t h r o a t ,  p l u s  abou t  518 oL t h e  d i l L e r e n c e  beLween titc 

upst ream d e p t h  Y and Lhe c r i t i c a l  d e p t h ,  . 
l Y3 

The slm of t h e s e  heacl-loss c s  t i m a t e s  were then  i n c l u d e d  i n  

the  general i Leral  i o n  cqud t  ions I o r   lie f lunles ( s e e  Annua l 

Repor t s  l.96b-I969). 

TWE: EVALUATION OF TEE ENERGY UPSTRIBUTION COEFFICIENT 

Yet a n o t h e r  f a c t o r  r e q u i r e s  e v a l u a ~ i o n  f o r  p r e c i s i o n  flume- 

caLibraL ion prcci ic t ior is .  Th i s  i s  t h e  energy-di  st r i  buLion co- 

e f f i c i e n t ,  ,A ,  which r e a l l y  c o r r e c t s  f o r  t h e  e r r o r s  i n t r o d u c e d  b y  

t h e  method of caLculaLion.  S i n c e  t h e  a v e r a g e  v e l o c i t y  i s  used 

throughout  t h e  computa t ion ,  whcnevcr t h e r e  i s  a v e l o c i t y  g r a d i e n l  

t h e  energy computed u s i ~ ~ g  t h e  a v e r a g e  v e l o c i t y  i n  t h e  f l o w  s e c t i o n  

w i l l  be l e s s  than t h e  actuclZ energy r e p r e s e n t e d  by t h e  i n t e g r a l  

o f  t h e  p o i n t  v e l o c i t i e s ,  For  convenience  i n  conlputa t ion,  t h e  

a v e r a g e  v e l o c i t y  i s  t r a c l i t i o n a l l y  used and a coef S ic ienL,  .,, 
s l i g h l l y  g r e a t e r  than lrniLy i s  i n t r o d u c e d ,  

1 5 - 0  
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At tempts by l i o h i n s o ~ ~  rind Chanibc~r 1'3 i n  (3) t o  nic:astlt.cl t h e  

v e l o c i t y  d i s t r i b u t i o n  i n  tltc th roa  L S  o l  f lumes i n d i c a t e d  t h a t  t h c  

v e l o c i t y  d i s t r i b u t i o n  c o e f i i c i e n t  ( f o r  t h e  t h r o a t  s e c t i o n ,  

d e s i g n a t e d  h e r e i n  a s  a ) was e s s e n t i a l l y  u n i t y .  However, t h e  
3  

measurements were made i n  f lows where t h e  t h r o a t  l e n g t h  was on 

t h e  o r d e r  of  one o r  two tirnes tlic Flow d e p t h .  T h i s  could  be 

expec ted  i n  converg ing  1 lows whcre t h e  o p p o r t u n i t y  t o  develop 

a  s t a b l e  f low p r o f i l e  i s  l i m i t e d  by t h r o a t  l e n g t h .  A t  low flow 

r a t e s ,  where t h e  t h r o a t  i s  t e n  t o  t h i r t y  t imes  t h e  flow d e p t h ,  

a  f u l l y  developed flow p r o f i l e  may l i k e l y  be p r e s e n t ,  and t h e  

v e l o c i t y  d i s t r i b u t i o n  c o e f f i c i e n t  may approacll  t h e  v a l u e  f r c -  

q u e n t l y  a s s o c i a t e d  w i t h  long  p r i s m a t i c  open c h a n n e l s ,  1. .04.  

T h i s  i s  a l s o  t h e  v a l u e  used t o  compute t h e  energy  i n  t h e  approach 

s e c t i o n  of  t h e  flume s i n c e  i t  i s  assumed t h a t  t h e  approach  s e c t i o n  

i s  Long enough t o  deve lop  t h e  f low p r o f i l e .  

T i  ; ~ p p e " " ~ " s  l o g i ~ i ~ l  11ii1t (r: slloultl bc , I  I r~nc t io r l  ol (:I) lcli&;tl> 
1 

l o r  I low dcvc lop~r len~  , (b) roitgl~nc~s,.; i 11 tlrc Lht o,i t  , a n d  ( c )  t  l ~ c l  

c r o s s - s c c t i o n a  1 shape  of t h e  t-hroat.  

C r o s s - s e c t i o n a l  shape alight, be c h a r a c t e r i z e d  by t h e  h y d r a u l i c  

r a d i u s  o r  by a width  t o  dep th  r a t i o ,  a l t h o u g h  t h e  former ,  i l '  no t  

p e r f e c t ,  i s  p robab ly  b e t t e r  than  t h e  L a t t e r  and has  t h e  advan tage  

of some t y p e  of  r a t i o n a l  t r a n s f e r  of  wide channe l  and p i p e  r e s u l t s  

t o  t h e  p r e s e n t  problem, T h i s  w i l l  become more a p p a r e n t  i n  t h e  

To1 lowj ng deve Lopment . 
Chow (1 ,  p.29) p r e s e n t s  t h e  approximate  formulas  f o r  3 

r a t h e r  than  c ' s i n c e  rnaxin~urn dcvclopment oC t h e  boundary l a y e r  
1: 
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p r o p e r t i e s  a r e  o f  p r i m a r y  c o n c e r n  i n  e v a l u a t i n g  E ) .  Thus ,  r o u g h n e s s  

o f  t h e  f lume t h r o a t ,  and  t o  a  c e r t a i n  e x t e n t ,  t h e  f l o w  reg ime ,  

l a m i n a r ,  t r a n s i t i o n a l ,  o r  t u r b u l e n t ,  i s  r e f l e c t c d .  

The above  development i s  l o r  wide  c h a n n e l s ,  and  some con -  

s i d e r a  t i o n  0 1  c r o s s - s c c L  ioit,t 1 s l j c ~ p c  i s  nect lcd.  Rc~c t r~ i r s c~  t o  

l a m i n a r  f l o w  i n  wide r-ecLangul , l r  c h a n n e l s  and  c i r c u l a r  channels 

( lowing  h a l f - f u l l  s h o u l d  p r o v i d e  a  r e p r e s e n t a t i v e  r a n g e  o f  ,, 

v a l u e s  f o r  r e l a t i v e  compar i son .  Laminar  f l o w s  i n  p i p e s  have  a n  

r /  v a l u e  o f  2 .00  w h i l e  t h a t  For wide c h a n n e l s  i s  1 .54  (Chow (1 ,  

p ,  1 5 4 ) ) .  Whi le  n o t  i n  a n y  way r i g o r o u s ,  a s i m i l a r  d e v i a t i o n  

from u n i t y  due  t o  s h a p e  might  be a p p l i e d  t o  t h e  wide  t u r b u l e n t  

I l o w s .  Us ing  t h e  h y d r a u l i c  r a d i u s ,  R ,  t o  r e p r e s e n t  t h e  c h a n n e l  

s h a p e  f a c t o r ,  we r i n d  t h a t  R = d  l o r  v e r y  wide  r e c t a n g u l a r  

c h a n n e l s  and  R  = d / 2  f o r  s e m i - c i r c u l a r  c h a n n e l s  where  d  r e p r e s e n t s  

t h e  f l o w  d e p t h  measured  a t  t h e  c e n t e r l i n e  o f  t h e  f l ow  c r o s s  

s e c t i o n ,  I n  t h e  t h r o a t ,  t h e  r a t i o  o f  a v e r a g e  d e p t h  D t o  t h e  
3  

h y d r a u l i c  r a d i u s  i n  t h e  t h r o a t ,  R3, D3/R3, g o e s  from 1 t o  1.57 a s  

rY 3 
goes  from 1'54 t o  2 .00  f o r  t h e  wide  c h a n n e l  and  s e m i - c i r c u l a r  

c h a n n e l ,  r e s p e c t i v e l y ,  o r  a n  i n c r e a s e  above  u n i t y  o f  0 .54 a n d  

1.00, or (1 - 0  - 0 .54 )  / O . T j / r  = 0.85 iticrcasc. A cor - rc~spont l ing  

r e l a t i o n s h i p  f o r  t h e  t u r b u l e n t  c a s e  can  b c  a p p r o x i m a t e d  betwecn 

( a 3  
- 1 )  and  R / D  by  t h e  l i n e a r  e q u a t i o n  

3  3  

Ano the r  m o d i f i c a t i o n  s h o u l d  b e  e v i d e n t .  I f  t h e  t h r o a t  i s  

t o o  s h o r t  t o  p r o d u c e  f u l l y  d e v e l o p e d  f l o w  ( i n  p i p e  f l ow,  a t  l e a s t  

10  d i a m e t e r s  and  i n  many c a s e s  LOO d i a m e t e r s  a r e  r e q u i r e d )  t h e n  
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some d i s c o u n t i ~ i g  of  b o t h  thtl s h a p ~ '  ~ > l f c . c t  and  t h e  f low p r o f i l e  

c f f e c t  on  (1 s h o u l d  be  made. Some c o n s i d e r a t i o n  i s  made i n  t h e  
3 

Reynolds  Number whcbn c v a l u a  Ling CF, buL t h e  cf S e c t  i s  c ~ c t ( ~ i i  11 y  i n  

t h e  wrong d i r e c t i o n  i n  t h a t  s h o r t  t h r o a t  l e n g t h s  t e n d  t o  d e c r e a s e  

t h e  Reyno lds  Number, i n c r e a s i n g  C and t h u s  t h e  c a l c u l a t e d  F 'U3 
v a l u e .  T h i s  can  b e  r a t i o n a l i z e d  by r e c a l l i n g  t h a t  t h e  r e l a t i o n s h i p s  

between F,, i, and C a r e  based  o n  clevcloped t ~ ~ r b ~ ~ l e n t  f l ow .  A n  
F 

apparc:ni l y  r e a s o n a b l e  a s s u m p t i o n  i s  t h a t  n e a r l y  1 ij l 1y tleve1opc.d 

f l o w  e x i s t s  when t h e  t h r o a i  l e n g t h  c x c c e d s  t h e  e q t l i v a l c n t  of 

d e v i a t i o n s  from u n i t y  s h o u l d  p r e v a i l  when t l le  t h r o a t  l e n g t h  i s  

l e s s  t h a n  a b o u t  2 R  (The Rob inson  and  Chamber l a in  (3)  d a t a  3 '  
t h i s . )  Aga in  u s i n g  a l i n e a r  f u n c t i o n  t o  i n t e r p o l a t e  

be tween t h e s e  two e x t r e m e s ,  t h e  d i s c o u n t i n g  f a c t o r  s h o u l d  r a n g e  

be tween 0 and  1 l o r  R be tween a b o u t  2 and  4 2 ,  r e s p e c t i v e l y  o r  
3 

d i s c o u n t i n g  f a c t o r  = 0,025 R3 - 0.05 

The f i n a l  c o m p u t a t i o n  o f  (2 t h e n  becomes 3 

RESULTS : 

A s  l o r s ~ i i l a t t d  i n  I l l c .  ;~bovct cc111at i o n s ,  t h e  t ln t i l -c  t lcvia  t ion i n  

t i i s c l ~ a ~ - g t ,  i rom ; i t \  i d ~ b , ~  1 I 1 t ) w  I I I I I : ; ~ .  h t b  ~ i c c o t 1 1 ~ L a b 1 ~  i 11 I clrws 0 1  11 
I ' 

q3, % none o f  which o r e  c o n v e n i e n t  t o  measu re  a c c u r a ~ e l y  i n  t h e  

E l t~mes .  However, a s  s t a t e d  b e f o r e ,  h i g h  a c c u r a c y  i n  t h e s e  

e s t i m a t e s  i s  n o t  r e q u i r e d  t o  s a t i s  C a c t o r i l y  e v a l u a t e  t h e  d e -  

p a r t u r e  lrom t h e  p r e d i c t e d  c a l i b r a t i o n  f o r  a n  i d e a l  f r i c t i o n l e s s  

f low t h r o u g h  t h e  f l ume ,  Recour se  t o  e v a l u a t i n g  t h e  r e l a t i o n s  

l i e s  i n  examin ing  t h e  s u c c e s s  w i t h  which t h e  e q u a t i o n  c a n  

p r e d i c t  t h e  c a l i b r a t i o n  f o r  a  v a r i e t y  o f  f l umes  t h a t  have  been 

c a r e l u l l y  t e s t e d .  
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To 3 i  CI C V ; ~  lua  L i o n  of L l l c i  comptl t a ~ i o i i a l  procc.dure,  ~ l t c  Len 

l lurne shapes  and s i z e s  ca Libra t ed i n  t h e  l a b o r a t o r y  were each 

s u b j e c t e d  t o  computer a n a l y s i s .  A c a l i b r a t i o n  t a b l e  was f i r s t  

computed f o r  a n  i d e a l ,  f r i c t i o n l e s s  Plow through each flume. 

Thcn, t h e  computat ions  were r e p e a l e d  i n c o r p o r a t i n g  a  s e r i e s  of 

s p e c i f i e d  roughnesses  and t h e  v e l o c i t y  d i s t r i b u t i o n  c o e f f i c i e n t s .  

For  purposes  of  comparison,  a  t y p e  of c a l i b r a t i o n  c o e f r i c i e n t  was 

computed a s  t h e  q u o t i e n t  o f  t h e  computed r e a l  flow d i s c h a r g e  based 

on C r i c r i o n a l  e s t i m a t e s ,  Q,  and t h e  i d e a l  f low d i s c h a r g e ,  Q o r  
i' 

Q / Q i .  The l a b o r a t o r y  measured d i s c h a r g e s  can be l i k e w i s e  

compared t o  Q and p l o t t e d  among t h e  curves  based on t h e  s p e c i f i e d  
i 

roughness  v a l u e s .  The t e s t  o f  t h e  p rocedure  thcn  i s  shown by how 

w e l l  t h e  l a b o r a t o r y  d a t a  i s  f i t t e d  by a n  a p p r o p r i a t e ,  o r  r eason-  

able, roughness-based curve .  The roughness  h e i g h t s  shoulcl c o r -  

rcspontl to  t~~nc lbook  va lucls I i st t > t l  f o r  tlic typc  ol' c o n s L r ~ i r t i  0 1 1  

(> r i a  1 used i n  t l ~ c  p:~rL i c111'1 1- i lti~iw. 

The flume c a l i b r a t i o n s  were s a t i s f a c t o r i l y  p r e d i c t e d  t o  + 2%, 

a s  can be observed i n  F i g u r e s  1, 2,  and 3, excep t  f o r  t h e  long- 

t l l ronted r e c t a n g u l a r  flumc, F i g u r e  1, where e r r o r s  of approx imate ly  

5';/, ;Ire noLcd Por f low d c p ~ l ~ s  ol  a b o i ~ t  1 / 3  I t ,  Tllus, wlicn f r i c t i o n  

e f r e c t s  dominate  a s  i n  t h i s  c a s e ,  i n a c c u r a c i e s  i n  H become 
5 

obse rvab ly  s i g n i f i c a n t  . 
I n  a n o t h e r  i n s t a n c e ,  noL p l o t t e d ,  a na r row- th roa ted  t r i a n g u L a r  

0 
flume (30 opening)  c o n s i s  t e n t  l y  d i s c h a r g e d  abou t  3% more than  

p r e d i c t e d .  A p o s s i b l e  s o u r c e  f o r  d i s c r e p a n c y  may l i e  i n  t h e  

assumpt ion t h a t  t h e  flume can be  warped i n t o  t h e  d e s i r e d  t h r o a t  

shape and s t i 1 . l  be t r e a t e d  a s  a  r l a t  p l a t e .  I P  t h i s  i s  t h e  c a s e ,  

thcn  t h e  e f f e c t s  of  two 90' bends must b e  c o n s i d e r e d  f o r  t h e  

~ - c ) c . k  angir l a r  f l ~ i m c .  a s  opposc~d Lo Lwo rnr1e.11 less r a d i c a l  bends on 

II1c. Lrapczoiclal I lumc 0 1  Lllc samc Lht-oat l e n g t h .  Tiic l a  t  Ler 

was p r e d i c t e d  s a t i s f a c t o r i l y .  
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111 I I I C  c,rscl 0 1  L l r c *  1 r  ~ . I I ) $ : \ I  I , I I '  I I I I ~ I ~ ( ' ) ; ,  L I \ ( s  slbi11-1) I)( 11.11 ' 1 1  1 I I C ~  

bot torn and  t h e  r e s u l t i n g  c l o s c  p i -oxin~i  t y  01 t l lc  wal 1 s  p r o b a b l y  

do v i o l a t e  t h e  a s s u m p t i o n s  o l  a  i l a t  p l a t e .  A n o t h e r  p o s s i b i l i t y  

i s  t h a t  L he  e f  S c c t i  vt. t h r o a  t l eng t l l  i s  r educed  b e c a u s e  c r i t  i c a  1 

d e p t h  d o c s  n o t  o c c u r  a t  tfic end ol  t h e  t h r o a t  a s  asstimed b e c o r ~ s c  

o f  t h e  boundary  l a y e r  o b s t r u c t i o n  t o  t h e  f l ow .  I n  t h e  c a s e  o f  

t h e  t r i a n g u l a r  f l umes  b e t t e r  ag reemen t  i s  a c h i e v e d  i.f L i s  r e -  3 
duced 25 t o  50%. 

Examina t ion  o f  t h e  r e l a t i v e  e r f e c t s  of  l ong  t h r o a t  l e n g t h s  

i l l u s t r a t e s  t h e  d e s i r a b i l i t y  of k e e p i n g  t h e  t h r o a t  l e n g t h  a t  a 

minimum. F o r  t x a m p l e  i n  F i g u r e  1, t h e  b a s i c  d i f r e r e n c e  between 

t h e  group o i  c \ i r v e s ,  a ,  and  t h e  g roup ,  b ,  i s  t h e  t h r o a t  l e n g t h .  

I n  t h e  s h o r t e r  3 - f t .  l e n g t h  f l ume ,  a  r o u g h n e s s  c h a n g e ,  from 

K = 0.00005 f t  t o  0.0005 f t ,  due t o  w e a t h e r i n g  of  t h e  con- 

s t r u c t i o n  ~ n a t e r i a l s  w i  1 1  c a t ~ s t ~  ;I c l ~ a n g e  of abot t t  l"/,n r i isclwrgcA. 

I n  t h e  $ -S t  l e n g t h  Slurire, t h e  c t ~ a n g e  wotild be n e a r l y  2%. S i r i i i l ~ r  

compar i sons  l o r  t h c  f lumes  i n  F i g u r e s  2  and  3 c a n  b e  made. 

SUMMARY AND CONCLUSIONS : 

I n v e s t i g a t j o n  of  t h e  v a r i a b l e s  a f f e c t i n g  t h e  c a l i b r a t i o n  p r e -  

d i c t i o n  oL c r i t i c a l - d e p t h  i lctmcs was c o n t i n u e d  i n  t h e  l a b o r a t o r y  

and  by m a t h e m a t i c a l  mode l ing  on a computer .  The b o u n d a r y - l a y e r  

t h i c k n e s s  mode l ing  method p r e v i o u s l y  r e p o r t e d  was abandoned i n  

f a v o r  o f  a boundary-  l a y e r ,  d r a g - f o r c e ,  mode l ing  t e c h n i q u e  t h a t  i s  

more v e r s a t i l e  and  more c a p a b l e  o f  a d a p t a t i o n  t o  a  wide  v a r i e t y  

o f  r o u g h n e s s  c h a r a c t e r i s t i c s  i n  t h e  f l umes  a n d  t o  a  v a r i e t y  o f  

c r o s s - s e c t i o n a l  s h a p e s .  

The method i n v o l v e d  a p p l y i n g  p r i n c i p l e s  o f  hydrodynamics  t o  

t h e  c a l c u l a t i o n  o f  t h e  d r a g  f o r c e  e x e r t e d  by a f l o w i n g  f l u i d  on 

one  s i d e  oC a  l l a t  p l a t c  which i s  t h e n  warped t o  form t h e  f lume 

t l ~ r o ; t l  . T h i s  dray, i s  convcrtcbtl t o  c'nergy l o s s  t l ~ r o u g l r  t h c  I l1l111c 

and  i n c o r p o r a t e d  i n t o  t h e  a p p r o p r i a t e  Corn o f  t h e  e n e r g y  e q u a t i o n s  

Lor p r e d i c t i n g  t h e  I lume c a l i b r a  Lions .  
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The method was a p p l i e d  t o  t en  Elumes c o n s t r u c t e d  and c a l i -  

b r a t e d  i n  t h e  l a b o r a t o r y ;  two 1 f t  wide r e c t a n g u l a r  t h r o a t e d  

f lumes,  one wi th  3 - f t  and one  w i t h  8-Et t h r o a t  l e n g t h s ;  two 

t r a p e z o i d a l - t h r o a  t c d  Elumes, bo th  w i t h  1: 1 s i d e  s l o p e s ,  bu t  one 

had a  0 ,4  f t  wide t h r o a t  and was h y d r a u l i c a l l y  smooth whi le  t h e  

o t h c r  had a  0 .9  f t  wide t l i r o a t  t h a t  was r a i s e d  0.5 f t  above t l ie  

cip~>ro;;lcll s e c l i o n  oi" ~ h c  Ilt~rtic~ a ~ ~ t l  was rough s u r f a c c ~ d ;  arid s i x  
0 0 

t r i ; ingul;rr  I itmc.s wi L I I  oj)cl~lj ltgs 01 00 , 00°, bOO, bOO, 5 J , . 1 1 ) ~ 1  

3o0, r e s p e c t i v e l y ,  t h r o a t  lcngt t i s  v a r y i n g  from 1 t o  8 1 ~ ,  a n d  

roughness  h e i g h t s  r a n g i n g  from l i y d r a u l i c a l l y  smooth t o  0.005 f t .  

A l l  Elume c a l i b r , i t i o n s  were, s a t i s f a c t o r i l y  predictc.tl L o  

+ 2% over  Lhe e n t i r e  t c s i  range excep t  l o r  tile low Ilows i n  tlic - 
l o n g - t h r o a t e d  r e c t a n g u l a r  flume when e r r o r s  exceeded 5% a t  l low 

d e p t h s  below 0.3 f t  and i n  t h e  30' t r i a n g u l a r - t h r o a t e d  flume where 

t h e  d i s c h a r g e  was u n d e r p r c d i c t e d  by abou t  3% over  t h e  e n t i r e  t e s t  

r ange .  The r e c t a n g u l a r - t h r o a t e d  f lume i n d i c a t e s  t h a t  t h e r e  a r e  

l i m i t a t i o n s  on t h e  method e s p e c i a l l y  when t h e  t h r o a t  l e n g t h  i s  

g r e a t e r  than  30 t imcs  t h e  depth  of Plow i n  t h e  t h r o a t .  The 

p o s s i b l e  s o u r c e  Cor e r r o r  i n  botll i n s t a n c e s  may be t h e  f a c t  t h a t  

no a l lowance  f o r  t h e  s h a r p  c o r n e r s  i s  made s i n c e  t h e  p r e d i c t i o n s  

[or  t h c  l ~ s s  r a d i c a l l y  w n r p ~ d  c a s e s  of tlie trapezoids I - t h r o a  tcd  
0 

Ilii~nt.:; w i ~ l l  two 1 J 5  col-nct-s iIr0 snL i s r a c t o r y .  

F u t u r e  e f l o r t s  w i l l  bc d i r e c t e d  toward s o l v i n g  Cie ld  problems 

of  d e p t h  s e n s i n g ,  s e d i m e n t a t i o n  e f f e c t s ,  and t h e  magnitude of  

changes i n  c a l i b r a t i o n  due t o  p a r t i a l  submergence. 

REFERENCES: 

1. Chow, Ven Te, Open-Channel H y d r a u l i c s .  McGraw-Hill Book 
Company, I n c . ,  New York, 1959. 

2 .  H a r r i s o n ,  Anthony J .  M., Boundary-Layer d i sp lacement  t h i c k n e s s  
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3(2) :120-124,  128. 1960. 
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F i g u r e  1. ( a )  Throa t  wid th  1 T t ,  approac l l - sec t ion  width  1 .5  f t ;  
converging s e c t i o n  l e n g t h  1.5 Pt. ; zcr-o s i l l  h e i g h t  i n  
t h r o a t ,  g a l v a n i z e d  s h e e t  m e t a l  c o n s t r u c t i o n ,  
(b)  I d e n t i c a l  t o  ( 2 )  excep t  t h r o a t  l e n g t h ,  L, i s  8 f t  
a s  i n d i c a t e d .  
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F i g u r e  2 .  (a)  T h r o a t  opening,  60'; approaci l -sect  i o n ,  60' s i d e -  
s l o p e s  and 0.167 S t  bottom w i d t h ;  converg ing  s e c t i o n  
0.582 E t  l ong ;  ze ro  s i l l  h e i g h t  i n  t h r o a t ;  alurninuri~ 
s h e e t  m e t a l  c o n s t r u c t i o n .  (b )  Throa t  opening,  60'; 

0 
apl .21-oach-sect io~~,  60 s i d e s  l o p e s  aiicl 0.667 Tt bottoni 
w i d t h ;  converg ing  s e c t i o n ,  2 I t  l o n g ;  z e r o  s i l l  heigll t  ; 
l i b e r g l a s s  c o n s t r u c t i o n .  
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F i g u r e  3 .  (a )  Throa t  opening,  1: l s i d e s l o p e s  and 0 . 3 3 3  bottom 
w i d t h ;  t h r o a t  Lengt l~ ,  J f t  ; a p p r o a c h - s c c t i o ~ l ,  1: 1 
s i d e s  Lopes and 0 . 8 3  3 boti-om wicltll; corivcrging sect. i o n ,  
3  T t  l o n g ;  z e r o  s i l l  h e i g h t ;  sanded and v a r n i s h e d  
f i b e r b o a r d  c o n s t r u c t i o n .  (b) T h r o a t  open ing ,  1:1 
s i d e s l o p e s  and 0 . 9 6 2  bottom w i d t h ;  t h r o a t  Length, 8 f t ;  
approach  s e c t i o n ,  1:l  s i d e s l o p e s  and l f t  botLom w i d t h ;  
converg ing  s e c t i o n ,  3 T t  l ong ;  s i l l  h e i g h t ,  0 . 4 6 3  Et ;  
s h e e t  aluminum c o n s t r u c t  ion,  coa ted  w i t h  L i b e r g l a s s  a n d  
a s p h a l t  mix. 
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TITLE : ASSESSING THE EHERGY ENEKONMENT OF PLANTS 

IT: SWC-019-gG-3 CODE NO.: Ariz.-WCL-68-5 

The emphasis this year in assessing the energy environment of 

lants dealt mostly with matters of instrumentation. Work of this 

s conducted in six major areas: net radiation, atmos- 

ermal radiation, solar radiation, infrarcd emittance, 

lance, and soil heat flux, 

A simple technique for the long-wave calibration of net and 

one-way radiation probes was developed. Materials required for 

the method are inexpensive and easily assembled, Calibrations of 

several Fritschen-type net radiometers obtained by the new tech- 

nique and by a chakber technique agreed to within better than Jr 3%. 
ew technique thus appears to be a simple, trustworthy alter- 

native to the much more involved chamber technique of long-wave 

Many commercially available net sadlometers using poly- 

ene shields to protect their sensing surfaces have 5% of 

hese surfaces covered with a highly reflective white paint. The 

purpose of this paint is to reduce the sensitivities of these 

instruments to short-wave radiation and make them equal to a 

osedly lower Long-wave radiation sensitivity. Rederivations 

of the net long-wave radiation equations for the calibration 

chambers of Funk and Fritschen, who pioneered in the construction 

and evaluation of these instruments, indicate, however, that 

certain approximations made in the original derivations completely 

account for the original 5% discrepancy. New experiments verified 

ese  findings and demonstrated the equality of short- and long- 

wave calibration constants for polyethylene-shielded net radiom- 

ers without the customary 5% areal covering of white paint. 

Theoretical considerations indicated that for surfaces with 

temperatures significantly different from that of the ambient air, 
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radiation measurements bacome increasingly less re 

of surface conditions with increasing eight above the surface. 

For a dry, bare soil on a clear summer day at oenix, signif i- 

re noted at a height of only 50 cm, An experiment 

ned to see how low the net radiometers could be 

ortent factor, 

net radiometer, it was found t 

ion was 25 -1- 5 cm, 
study was carried out to determ ne the effect of screen- 

on net radiation. It was found, in 

net radiation decreases with decreasing temperature 

whereupon any additional air temperature decrease 

increase in net radiation. 

en-type net radiometer was converted to a hemi- 

the spray application of black paint to 

dome and the utiL%za 

ree fine thermoco 

inwardlying radiating aiat surf ace. 

rimenral work conducted with the new radiometer 

t performed properly under both laboratory and 

e instrument measures t e toea1 influx of 

erlc thermal radiation. 

balance and modified radiation balance method 

were used to determine hourly and daily values of atmospheric 

ation on three clear and three cloudy days during 

ary  and March 1970 at oenix, Arizona. The radiation bal- 

lized over surfaces of bare soil, bermudagrass, and 

e the modified radiation alance was utilized over 

surface only, It differed from the pure radh 

in that net radiation was calculated as t 

gy equation rather than bedn 

e values of atmospheric thermal radi 

o values obtained from measu 
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all-wave radiation minus incoming solar rad ation. Prom this 

sis it appeared that the best alternative to the semi-direct 

easurement of atmos heric thermal radiation was the radiation 

alance over the bare soil surface. Results from this method were 

icient accuracy, even on an hourly basis, for most research 

and were even etter on a daily is. Radiation balanc- 

es aver grass and water surfaces were so at less satisfactory, 

tter than the modified rad atbon balance method, 

Measurements of direct and diffuse solar radiation, surface 

temperature and vapor pressure, and atmos ic dust content were 

made a-wo ocalities on the outskirts o oenix, Arizona. On 

two days of light air pollution with different dust contents, but 

early identical a unts of precipitable water aloft, total trans- 

mittances of the atmosphere for solar radiation were nearly 

dentical, while ratios of diffuse to direct solar radiation were 

uite different. The utility of diffuse skylight measurements to 

detailed characterization of light to moderate particu- 

pollution episodes was thereby demonstrated. 

ods for modifydng olyethylene-shielded net radiometers 

to measure solar radiation underwater were developed. Five 

fic modifications were made and tested for use In determining 

on. All five modifica- 

d to be successful in both applications, 

the instruments indicated that they yielded a logarith- 

ction relation in very turbid water with the up-welling 

being equal to about 2 ,2% of the down-welling radiation 

nique for measuring infrared emittances of terres- 

a1 surfaces was developed, It is based upon the derived 

rediction that when surfaces of identical temperature are viewed 

ovgh an aperture of an enveloping blackbody cavity of different 

erature, the output of the infrared thermometer is a linear 

function of surface emittance. This relation was verifFed 
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entally and a simple approximate technique consequently de- 

where the Lnt al c ~ i t y  of th 

rves as the blackbody c 

n extensive amount of energy balance data obtained over a 

variety of different surfaces and climatic conditions was analyzed 

eld evaluative information with respect to the "heating 

coefficient" of nteith and Szeicz and the "long-wave exchange 

cient" of Gay. The results indicated that both of these 

arameters were less than adequate in both a statistical and de- 

scriptive context. 

n alternative approach to that currently fn general useage 

for the measurement of conductive heat flux in soils was developed. 

It has only one general requirement, and that is that the thermal 

conductivity of the heat flux plate be as great as possbble, It 

is based upon a new technique for the calibration of heat flux 

lates whereby a heat radiation method is used to calibrate the 

not through any surrounding medium, A method was also 

o obtain geometry factors for any heat flux plate, and 

t would appear that once it is utilized with a highly conductive 

eat flux plate, a simple for eld geometry factors quite 

accurately in the future. The complete concept appears to be 

n all respects and should allow the measurement of conduc- 

tive heat flux in soils to be made with uncertainties of only a 

very few percent. 

D CONCLUSIONS : 

A simple technique for the long-wave calibration of net and 

one-way radiation probes was developed. It was demonstrated that 

o4yethylene-shielded net radiometers do not require any white 

aint on their sensing surfaces. Net radiometers of the size of 

tschen and Funk types were found to give the best read 

at B height of 25 1: 5 cm, when the underlying surface is of a 
erature signif cantly different from that of the ambient air, 
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t was found, in general, that net radiation decreases with de- 

creasing temperature to about 0 C, whereupon any additional air 

erature decrease results in an increase in net radiation. 

Pritschen-type net radiometer was converted to a hemi- 

erlcal radiometer, A radiation balance over bare soil gave the 

roximation of atmospheric thermal radiat 

t measurements were found to be very characteristic of the 

eric dust content. Polyethylene-shielded ne 

e also converted to underwater use. 

new technique for measuring infrared ernittances of terres- 

loped. An ext 

was analyzed to evaluate the "heating coefficient" 

-wave exchange coefficient," Finally, a new a 

measurement of soil conductive heat flux was developed and 
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IT: SWC-019-gG-3 CODE NO.: Ariz.-WCL-70-1 

s well known from greenhouse and growth chamber studies 

O fertilization will substantially increase the yields of 2 
a11 crops, However, attempts to fertilize with CQ2 in 

eld culture have resulted in failure because tur 

e is so rapid in an open field that almost all of the CO 2 
sed has been lost to the atmosphere. Many greenhouses 

employ CQ2 fertilization on a regular basis, However, 

effectiveness of the ractice has been limited because at hi 

en 602 fertilization should be most effective, 

ad to be ventilated to lower the i 

auever, a means could be found to economically control the 

ure of a greenhouse under high light conditions without re- 

to any f o m  of ventilation, C02 fertilization could be 

re advantageously. In addition, crops could then be 

grown with almost zero water use, a feature which would make such a 

Y $3 cularly attractive to arid regions. 

enefits to manklnd steming from the development of a 

perature control for a sealed greenhouse could be ver 

deed. As a first stage in the research and development o 

ontrol, this project was initiated with the following two 

es: (1) Develop a computer program which can simulate all 

ant heat exchange processes occurring in a greenhouse; and 

the program with various sets of experimental parameters 

tical and the ties of greenhouse walls to tr 

new ways ta le closed enviro 

During the past year, Objective 1 has been atta 

was developed wk ch simulates all the 
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t exchange processes or fluxes occurring in a green- 

e %luxes were formulated in 

reenhouse parameters and 

r pressures, The unknown tern 

lculated from th 

eous energy balance equations which 

lance of energy at several location 

el is designed to be flexible so that both conven- 

ual thermal and optical properties of the 

late$ and their 

greenhouse enviro ent evaluated. 

, vapor pressure, and radiation observations were 
s greenhouse located at the U.S. Water Conservation 

nix, Arizona in order to obtain physical data 

compare the mode 1 [~imball (1) 1. The measurements 

were taken on 22 Sune 1970 when the greenhouse was evaporatively 

cooled, on 23 Sune 1970 when the evaporative coolers were turned 

off, and on 25 June 1970 when the greenhouse was again evapora- 

ed, but had had a coarse cloth sun screen placed over 

resent in the greenhouse dur 

easurements were taken, and it was assumed that no significant 

n occurred from the dry gravel, concrete, and wooden 

ns tituted the "soil" surf ace. 

ally, the observed and predicted values agreed closely . 
However, the model did tend to underestimate air temperatures 

slightly and to overestimate soil surface temperatures on all three 

days,  indicating that perhaps larger values should have been used 

f o r  an inside convective transfer coefficient. The corn 

served radiation fluxes agreed closely except just before noon on 

23 June 1970, when a period of cloudiness decreased all the observ- 

ed values and except for the inside solar radiation on 25 

atter case, the Eabr parently absorbed more than 
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50% (the value used in the model) of the incident solar radiation 

during most of the day. en, starting at 1500, the sun shone 

directly on the solarimeter through an unshaded west end. Since 

the computed and observed temperatures agreed closely, the radia- 

tion entering the unshaded e st and west ends of the experimental 

greenhouse apparently balanced the extra radiation allowed to pass 

through the fabric shade due to the low percent absorption value 

used for the model greenhouse. Additional data are needed in 

order to predict the inside convective transfer coefficients more 

accurately, and to test the model with a vegetative canopy, but 

the evidence indicates that the present model can accurately pre- 

ing and coolin rements of a greenhouse 

de range of greenhouse properties and environmental conditions. 

the coming year, t e program will be run using various sets 

of optical and thermal properties for greenhouse walls to try to 

nd new ways to provide suitable closed environments for 

growth in accordance with jective 2 of this research outline, 

S 

The energy balance of a greenhouse was simulated with a 

digital computer program. The fluxes of solar radiation were cal- 

culated from sun angle equations and the optical properties of the 

greenhouse walls and vegetation. The thermal radiative, sensible, 

latent, and conductive heat fluxes were modeled by mathematical 

equations in terms of unknown temperatures and vapor pressures. 

rovision was made for the introduction of externally imposed 

or cooling fluxes. Ener y balance equations were then 

eveloped for various locations in the greenhouse where the sum of 

the fluxes at that location should be zero. The equations were 

solved by an iterative procedure to obtain the unknown tempera- 

tures and vapor pressures, 

Measurements of temperatures and radiation fluxes were ob- 

tained in a glass greenhouse to provide physical data with which 

to compare values predicted by the model. The greenhouse was 

Annual Report of the U.S. Water Conservation Laboratory



a l t e r n a t i v e l y  1)  evapora t ive ly  cooled and no t  shaded, 2) no t  

cooled and not  shaded, and 3) coaled and shaded, each t reatment  

l a s t i n g  one day. e observed and predic ted  va lues  agreed c l o s e l y  

f o r  each of t hese  extremely d i f f e r e n t  t rea tments .  It i s  concluded 

a t  t he  model can accu ra t e ly  p r e d i c t  t he  hea t ing  and cool ing  r e -  

quirements of a greenhouse f o r  a wide range of greenhouse proper- 

t i e s  and environmental condi t ions .  

1. Kimball, B. A .  Simulat ion of  the  energy ba l ance .o f  a green- 
mi t ted .  1971, 

2 ,  Kretci~man, D .  W, and Howlett, F. S. CO enrichment f o r  vege- 2 
t a b i e  product ion,  Trans. Am. Soc. Agric. Eng, l3:252-255. 
1970, 

TIOH DATE: 1973 
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DESIGN AND PEaORMANCE OF TRLCKLE IRRIGATION S U S m  

C R I S  W O K  UNIT:  SWC-019-gG-3 CODE NO.: Ariz,-WCL-70-3 

1 CTION : 

A new method of water application -- trickle irrigation -- has 
aroused considerable interest because of possibly increased water-u 

efficiency, reduced labor requirements, and improved crop production, 

The ultimate capabilities of trickle irrigation systems are to apply 

he desired quantity of water e~en9.y~ frequently, and aut 

Trickle irrigation delivers water by means of a small perforation, 

nozzle, or applicator in a plastic pipe, capable of being spaced as 

esired, and discharges water through these outlets at fairly low 

rates, A trickle irrigation system is usually planned to be above 

though this same equipment may be used underground (sub- 

surface irrigation); however, the latter may be mare susceptib 

clogging, 

At present, trickle irrigation is in the developmental stages, 

Researchers and some commercial enterprises have found three 

in subsurface and trickle irrigation to be the most difficult -- the 
~riability of discharge rates from supposedly identical orifices or 

licators, differences in uniformity of water application along a 

ine because of velocity and pressure changes, and clogging 

of orifices. T o  date, very little information is available on 

design of discharge rates from outlets, operating pressures, 

spacing of outlets, length of lateral line, and water qua1 

ents, 

The initial objective of this study is to develop i 

rinciples and methods for designing trickle irrigation systems, 

tine design of an appropriate outlet or applicator which 

ging and nonunifordty of discharge rates will 

gated, Lastly, criteria for managing trickle irrigation syst 

increased water use efficiency, improved crop production, and sa%ini 

control wil1 be investigated. 
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TS s\ND DISCUSSION: 

Theore t ica l  Considerat ions:  The hydrau l i c s  of t h e  flow f o r  a 

t r i c k l e  i r r i g a t i o n  p i p e l i n e  can be descr ibed a s  s p a t i a l  va r i ed  

closed-conduit  flow, I n v e s t i g a t i o n  of t h e  energy equat ion r e v e a l s  

t h a t  t he  d i s t r i b u t i o n  of flow i s  determined by t h e  change i n  

v e l o c i t y  and f r i c t i o n  l o s s  a s  t h e  quan t i t y  of flow decreases  along 

t h e  l a t e r a l .  A s  a p a r t  of t h e  f l u i d  volume i s  being d i ~ c h a r  

through the  o u t l e t s ,  t h e  v e l o c i t y  head decreases ,  causing an  i n c r e a s e  

i n  pressure  a s  p red ic t ed  by t h e  energy equat ion,  Opposi tely,  t he  

head l o s s  due t o  f r i c t i o n  causes a reduct ion  i n  pressure .  F r i c t i o n  

l o s s  between o u t l e t s  w i l l  vary with t h e  v e l o c i t y  and c o e f f i c i e n t  of 

f r i c t i o n  between each o u t l e t .  The magnitude of t h e s e  two values 

w i l l  determine whether t h e r e  w i l l  be  an inc rease  o r  decrease  of  

p re s su re  a t  t h e  end of  t h e  l a t e r a l ,  For t r i c k l e  i r r i g a t i o n  systems, 

t h e  v e l o c i t y  head i s  u s u a l l y  small  compared t o  t h e  f r i c t i o n  l o s s  

head;  thus p re s su re  normally decreases  i n  t he  d i r e c t i o n  of flow, 

: Before an improved t r i c k l e  i r r i g a t i o n  

umber of hydraul ic  f a c t o r s  need t o  be  

considered,  Some of t hese  c r i t e r i a  a r e :  (1)  t h e  des i r ed  range of 

d i scharge  s a t e s ,  (2)  t h e  d e s i r e d  range of opera t ing  p re s su res ,  

(3)  t h e  optimum spacing of  o r i f i c e s ,  and (4) t h e  maximum leng th  of 

l a t e r a l  l i n e ,  

Discharge r a t e s  u sua l ly  range from 0,s - 3.0 g a l s  per  hour f o r  

t r i c k l e  i r r i g a t i o n  systems. It i s  ev ident  t h a t  t he  smal le r  t he  

d ischarge  r a t e ,  t h e  smal le r  t h e  requi red  component p a r t s  of t he  

system; i . e . ,  pump s i z e ,  header l i n e s ,  and l a t e r a l  l i n e  dimensiofis. 

the o the r  hand, c logging problems could be reduced by us ing  

l a r g e r  o r i f i c e s  with h igher  d ischarge  r a t e s  t o  sho r t en  ope ra t ion  

time and inc rease  t h e  v e l o c i t y  i n  t h e  l a t e r a l  l i n e .  

I f  i t  i s  assumed t h a t  a l l  t h e  water should be suppl ied  t o  t h e  

p l a n t  on t h e  day i t  i s  r equ i r ed ,  i t  would be s u f f i c i e n t  t o  supply a 

quan t i t y  of 0,5 inch  per  day on t h e  h o t t e s t  day of t h e  year  i n  
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Arizona t o  meet the  maximum evapotranspirat ion of an unspecif ied 

crop, The quant i ty  of water required would be 13,600 g a l s  per ac re  

per day, Suppose t h a t  a  minumum number of app l i ca to r s  fo r  a t r e e  

crop i s  200 app l i ca to r s  per ac re ,  and the  maximum number of appl i -  

c a t o r s  required f o r  a  vegetable crop i s  6,500 app l i ca to r s  per acre .  

Therefore, the  t h e o r e t i c a l  output  per appl ica tor  would be 68 ga l s  

per day f o r  the  t r e e  crop, and 2 g a l s  per day f o r  the  vegetable 

crop. Realizing t h a t  the  app l i ca t ion  time fo r  the  system can be 

var ied ,  i t  would be poss ib le  t o  apply 2.8 g a l s  per hour f o r  24 hours 

on the  t r e e  crop, and 2.0 g a l s  per hour f o r  1 hour on the  vegetable 

crop, Assuming t h a t  each app l i ca to r  waters a  2 f t  c i r c l e  (o r  approx- 

imately 4 sq f t ) ,  a  s o i l  in t ake  r a t e  of a t  l e a s t  1 inch per hour 

would be required.  

The f e a s i b l e  range of operat ing pressures,  optimum spacing of  

o r i f i c e s ,  and the  maximum length  of l a t e r a l  depend, of course, on 

t h e  o u t l e t  design and the  f i e l d  s i t u a t i o n ,  However, operat ing 

pressures above 10 p s i  may cause eros ive  water j e t s  from discharge 

o r i f i c e s ,  unless the  o u t l e t  has an expensive p ro tec t ive  cover o r  a  

flow-spreading device,  A s  f o r  minimum pressures,  labora tory  exper- 

ience would suggest t h a t  pressures below 1 t o  2 p s i  r e s u l t  i n  

f luc tua t ing  discharge r a t e s ,  It i s  a l s o  an t i c ipa ted  t h a t  the  system 

should include the  c a p a b i l i t i e s  fo r  applying a higher-than-normal 

pressure t o  f a c i l i t a t e  f lushing the  system, Concerning o r i f i c e  

spacings, indica t ions  a r e  t h a t  spacings l e s s  than 40 inches a r e  

s a t i s f a c t o r y  and t h a t  c l o s e r  o r i f i c e  spacings along the  Xateral  may 

be d e s i r a b l e  f o r  s p e c i f i c  crops and s o i l  types, Las t ly ,  the  length  

of l a t e r a l  l i n e  i n  the  pas t  has been l imi ted  t o  l e s s  than 300 f t ,  

A t h e o r e t i c a l  analys is  by computer of the  flow c h a r a c t e r i s t i c s  

along the  l a t e r a l  l i n e  was completed, assuming a 2 g a l  per hour 

discharge r a t e ,  a  2 p s i  minimum pressure,  a  2 f t  o r i f i c e  spacing, 

and a 300 f t  l a t e r a l  l i n e ,  A t  present ,  modificat ions i n  assumed 

hydraulic  c r i t e r i a  and design p r inc ip les  and methods a r e  being 
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considered f o r  ob ta in ing  uniform discharge  rates from t r i c k l e  

i r r i g a t i o n  systems, 

-: Stud ie s  a r e  being conducted t o  d e t e r d n e  

t h e  c o e f f i c i e n t  of d i scharge  and t h e  v a r i a b i l i t y  of d i scharge  rates 

t o  be expected f o r  t h r e e  types of o u t l e t s  -- p l a i n  pe r fo ra t ions ,  

p l a s t i c  nozzle  i n s e r t s ,  and metal  i n s e r t s ,  'She t e s  

d a t e  a r e  given i n  Table l, showing t h e  d ischarge  v a r i a b i l i t i e s  and 

d ischarge  c o e f f i c i e n t s  determined i n  t h e  l abo ra to ry ,  

P l a i n  pe r fo ra t ions  were made by d r i l l i n g  and punching ho le s  

i n t o  polyethylene,  r i g i d  polyvinyl  ch lo r ide ,  f l e x i b l e  polyvinyl  

ch lo r ide ,  and acrylonitrile-butadiene-styrene (ABS) p l a s t i c  pipe. 

From v i s u a l  inspec t ion ,  d r i l l e d  ho le s ,  which were cons t ruc ted  by 

d r i l l i n g  from t h e  i n s i d e  i n t o  a patch c u t  from a s e c t i o n  of ABS 

pipe,  appeared t o  be f r e e  from loose  f i b e r s  and b u r r s ,  D r i l l i n g  

w a s  accomplished with a slow s p i r a l  d r i l l ,  5400 rpm d r i l l  speed, 

slow feed speed, water  a s  a coolan t ,  and d r i l l e d  i n t o  a wood dowel, 

Clean-appearing h o l e s  were made i n  ABS pipe  us ing  a small diameter  

punch cons t ruc ted  from a hypodermic needle  -- o u t s i d e  diameter ,  

0,025 inch -- with  t h e  end c u t  f l a t  and t h e  c u t t i n g  edge ground t o  

a f i n e  ou t s ide  edge, The p l a s t i c  nozz le  t e s t e d  was a molded p l a s t i c  

i n s e r t  of 0,021 inch  i n s i d e  diameter ,  The metal  i n s e r t s  t e s t e d  

were a b ra s s  bushing i n s e r t  wi th  a 0,028 inch  d r i l l e d  h o l e  and a 

s t a i n l e s s  s t e e l  hypodermic needle  i n s e r t  of 0,020 inch  i n s i d e  

diameter ,  wi th  a 0,2 inch  o r i f i c e  l eng th  p ro j ec t ing  i n t o  t h e  p ipe ,  

The v a r i a b i l i t y  of d i scharge  r a t e s  appears t o  be  improved by us ing  

p l a s t i c  nozzles  o r  m e t a l  i n s e r t s  r a t h e r  than  t h e  p l a i n  p e r f o r a t i o n s ,  

The t e s t  f a c i l i t y  cons t ruc ted  i n  t h e  l abo ra to ry  included a 

r e in fo rced  p l a s t i c  f i l t e r  wi th  an  a c t i v a t e d  charcoa l  c a r t r i d g e  of  a 

1 micron r a t i n g ,  a p re s su r i zed  water tank t o  reduce p re s su re  surges ,  

a p re s su re  r e g u l a t o r ,  and a p r e c i s i o n  needle  flow va lve  t o  provide 

a constant-head water supply, A mercury noneter ,  wi th  0,05 p s i  

subdiv is ions ,  was used f o r  head measurements, e test l i n e s  were 

2 8-4 
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48 inches long with o u t l e t s  spaced 4 inches apar t ,  'She discharge 

was col lec ted  i n  l O  v e r t i c a  ca l ib ra ted  Pyrex tubes, 48 inches i n  

lengeh and 22 m;m i n  diameter, A s top watch was used t o  time the  

flow i n t o  t h e  tubes, while t h e  supply pressure was constant  

0 , l  p s i  during a run, The ve loc i ty  of flow i n  the  test l i n e  was 

not  of s u f f i c i e n t  magnitude t o  warrant considerat ion of f r i c t l o n  

losses  within the  shor t  pipe length. 

RY Am C0NaUSSIOE;IS: 

A new method of water appl ica t ion I- t r i c k l e  i r r i g a t i o n  -- has  

aroused considerable i n t e r e s t  because of possible increased water- 

use ef f ic iency,  reduced labor requirements, and improved crop 

production, A study was i n i t i a t e d  i n  971 t o  develop improved 

pr inciples  and methods fo r  designing t r i c k l e  I r r i g a t i o n  systems. 

The ef fec t iveness  of the  systems i s  dependent upon the  extent  t h a t  

uniform discharge r a t e s  can be obtained from o u t l e t s  and t h a t  

va r i a t ions  of discharge r a t e s  along the  t r i c k l e  l a t e r a l  can be 

reduced, Studies a r e  being conducted t o  determine t h e  v a r i a b i l i t y  

of discharge r a t e s  t o  be expected fo r  three  types of o u t l e t s  -- pla in  

perfora t ions ,  p l a s t i c  nozzle i n s e r t s ,  and metal i n s e r t s ,  The p l a s t i c  

nozzles and metal i n s e r t s  appear promising. A theore t i ca l  analys is  

of the  flow c h a r a c t e r i s t i c s  along the  l a t e r a l  l i n e  was i n l t i a t e d .  

Modifications i n  hydraulic c r i t e r i a  and design p r inc ip les  a r e  being 

considered fo r  obtaining uniform discharge r a t e s  from t r i c k l e  

i r r i g a t i o n  systems, 

PERSONNEL: D, A .  Bucks, L, J, Erie ,  J. A .  Replogle, and Z. E, Myers. 

TERMIWTXOM DATE: October 1973. 
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Table 1, Discharge Rates for  Tntickle Irrigatiion &&lets 

Eead 
Ilescharge Rates Coefficient Coef f i c i en t  

a t  the  of o f 
Outlee: Description Butlet  Hean Standard Deviation Variabi l i ty  scharge 

P las t ic  D r i l l  Patch 
.028 inch diameter 

w .025 inch diameter 
03 
8 
b\ 

Plas t ic  Nozzle 
-021 inch diameter 

Brass Inser t  
.028 inch diameter 

Hypodermic Needle 
Inser t  

.020 inch diameter 
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'I'lre r i s e  o f  the  groundwater mound i n  re.Lation t o  r e c h a r g e  r a t e  

rc~n~airictl c:;scln t i n l  1 y  uncli;~ngccl ; t P t  c r  3 .  3 y e a r s  o f  grotlnciw;ltcr 

rcch:lrgc w i  i l l  secondary sewage e f  f  l uen t  i n  w h  i ell a tlikpth of 862 t t  

o f  e f f l u e n t  was a p p l i e d .  'I'hus, t h e  h y d r a u l i c  concluct iv i ty  of t h e  

a q u i f e r  beneat11 t h e  1 0 - f t  deep w a t e r  t a b l e  rcmained c o n s t a n t ,  ant i  

clof;ginp, o f tlie d e e p e r  s o i l  matc r i a l s ,  which could  r e s t r i c t  the  

u s e f u l  l i  f e  of a rccharge  sys tem f o r  r e n o v a t i n g  w a s t e  w a t e r ,  d i d  

n o t  t a k e  p1,ic.e. (WCL 67-4) 

'Che n i t r o g e n  c o n t e n t  o f  tlie s o i l  below r e c h a r g e  b a s i n s  i n t e r -  

m i t t e n t l y  inunda ted  w i t h  secondary sewage e f l l u e n t  shawecl no change 

in  1 9 7 0 ,  when 400 f t  of e f r l u e n t  moved i n t o  the  s o i l ,  and was on ly  

0 . 1  mg p e r  gram o f  dry s o i l  h i g h e r  than  t h a t  o f  t h e  v i r g i n  s o i l  

o u t s i d e  the  b a s i n s .  Th i s  amount of n i t r o g e n  can on ly  accoun t  f o r  

a  s m a l l  f r a c t i o n  of t h e  n i t r o g e n  removed from t h e  e f f l u e n t  a s  i t  

seeped  through the  s o i l .  Tl~us , the  main mechanism f o r  n i t r o g e n  

I-cmovnl mt~st h a v e b e e n  b i o c l e n i t r i f i c a t i o n .  (WCL 67-4) 

PIuc.II 11 i t roy,~n r(~1iiova1 prclvi 011s I y 111 ot~p,Il t  t o  O ( . V ~ I I -  C I ~ I  r i  ng f I o o ~ i  i n f ;  

~ ) 1  rrbt.l~,~rgc b a s i n s  w i t h  sewage ef l l  t~enL may acLua l l  y be t l t~e  t o  dcni-  

Lri f i c a t  ion  d u r i n g  t h e  d r y i n g  p e r i o d .  An environment  s u i t a b l e  f o r  

c l e n i t r i f i c a t i o n  was main ta ined  i n  l a b o r a t o r y  s o i l  columns d u r i n g  a  

In-clay dry pc'ri ocl ro l lowing  f  1 ooding w i  t l i  secondary sewage e f f l u e n t .  

Mensurc~iients sliowccl ehat  h a l f  of a 250-cm s o i l  coluim remained i n  n 

reduced c o n d i t i o n  even though t h e  s o i l  was d r a i n e d .  This  same 

a n a e r o b i c  e ~ v ~ i r o n m e n t  may pe r s i s  t i n  t h e  F i e l d  d u r i n g  d r y i n g  

pc riocls a s  we 11 as d u r i n g  i n u n d a t i o n  and a l low cot l t inuous  d e n i  t r i -  

f i r a t i o n .  Cllemical oxygen demand r c d u c t i o n  under t h e s e  reduced 

c o n d i t i o n s  w a s  e q u a l  t o  t h a t  under a e r o b i c  c o n d i t i o n s ,  i n d i c a t i n g  
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t i t c i t  I l l c .  c i  L i c i ent'y 01 o r g a n i c  c,irl~on rcmova L would not  b c  a l  f c c t e t l  

by  m a i n t a i n i n g  a n a e r o b i c  zones .  (WCL 68-3) 

I n t  cbrrni t t en t  f lootl ing 'ipptlars t o  be a rcquirclnent f o r  c,onsi <,- 

k e~hL r-c'~nov~~ 1 of l a r g c ~  itnroilllLs r) f 11 i Lrogen from sewagcs wa tc3r  Ily 

s o i l s  dtrr ing groundwater r e c h a r g e .  S o i l  c o l u ~ m s  which had 1 o s t  

t h e i r  c a p a c i t y  f o r  n i t r o g e n  renova1 d u r i n g  120 days of con l inuous  

f l o o d i n g  wcrc tlten p laced  on an in te rmi  t t e n t  f l o o d i n g  sc l lcdule .  

'I'hc c a p a c i t y  t o  remove n i t r o g e n  from sewage w a t e r  was r e s t o r e d  i i f t u r  

the columns re1 eased  s t o r e d  n i t r o g e n  d u r i n g  t h e  f i r s t  few cyc! e s  

of  f l o o d i n g  and d r y i n g .  The  arnounr of n i t r o g e n  removal a f t e r  t h e  

r e j u v e n a t i o n  was more than  could  be  e x p l a i n e d  by t h e  f r e e i n g  of 

a d s o r p t  i o n  s i t e s  . The a l t e r n a t e  f l o o d i ~ x g  and d r y i n g  must , t h e r e -  

f o r t > ,  Ilea rLScltli rr>d t o  clc.vc lop I l ~ c .  proper  I) i o l o g  ic-a1 clnvi ronnlcXltt I or 

I i k r  r v  1 . (WCL 08-3)  
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c o n c c n t r a t  ions could  he p r e d i c t e d  Inore a c c u r a t e l y  I,y accoun t ing  

f o r  t h e  i n t e r a c t i o n  of  ca2' w i t h  tlie a c e t a t e ,  c h l o r i d e ,  and 

n i t r a t e  a n i o n s .  Ncw d i s s o c i a t i o n  c o n s t a n t s  f o r  t h e s e  i n t e r a c t i o n s  

were c s t a b l  islied throi lg l~  r x p c r i m e n t a l  and t h e o r e t i c a l  t r ea tment  

of tile anomalous s o l u b i  l i  t y  b e h a v i o r  of gypsum i n  s i n g l e  Na-sal t  

s o l i i t  i o n s .  'I'hcsc c o n s t a n t s  a r e  o f  v a l u e  Tor unclerstanding tlic~ 

i)a:;i c  pl~c~ncrrrtc~~ion i nvo 1 v  in];: c.at ion-a11 i o n  i I ~ L C ~ ~ R C L  i oris :i11d '11 5iC) f ('1. 

c i i a r i t c t c r i z i n g  gvpsiini s o l  ubi 1 i t y  i n  s n l i  ne i r r i g a t i o t l  r111t1 ground- 
%+ 

w a t e r s ,  and s e a  w a t e r .  The p resence  of Ca a s s o c i a t i o n  i n v o l v i n g  

more compl ica tcd  i)  i carl-tonate-carbonate-llydroxy 1 s p e c i e s  than 
2-t 

p r ~ ~ v i o i i s  l v  cons itlclri.cl wc.re i n d  i c a t c d  f r o n ~  cornputer n n a l y s k  of (:,I 

i r i i i I i I f r  t y  o f  0 ,  s o  1 j o r  S ~ L I I S  . A n  
3 

c n t i r e l y  d i  f f c r c n t  t y p e  of C:;I s p e c i e s  d i s t r i b n t  ion is i n d i c a t e d  

f o r  t h e  a ( - i d i c ,  ~ ~ a l c a r e o u s ,  ; ~ n d  a l k a l i n e  s o i  1  s y s t e m s ,  ttins a f  f c c t -  

i n g  t hc ava i  I ab i  l i t v  ;~ncl p rec  i pi  t a t i o n  b c h a v i o r  of Ca i n  a v a r i e t y  

of ways. ( M U ,  04-01 

An e q u a t i o n  w, t s  developed t h e o r e t i c a l l y  which r e l a t e s  t h e  f rec-  

s w e l l i n g  of rnontmor i l l  onitre c l a y s  t o  t h e i r  w a t e r  c o n t e n t  and s u r f a c e  

a r e a .  A 1  l t h e  known pub l i s l ~ e d  , p e r t i n e n t  c l a y - s w e l l i n g  da t n  were  

t e s t e d  and wcrc found t o  conform t o  tlie new e q u a t i o n .  Tile t h e o r e t i -  

(,,11 1y lxlsc~tl 1);ir;lrntbtc\rs of Cl~c ccltt:it i o n  sliould. permit i t s  u s c  f u r  

~ ~ 1 ~ ~ 1 ~  i ~ ~ i l ,  , I  I I O S I  0 1  ~ > I I , I * ,  i t  , I  l - ( , l 1 ( 5 1 u i  i)rol)ilr-t i t - : ,  0 1  ( - 1  ,111d L 7 0 ~  I + ,  

i n r l t ~ d  i I \ $ * :  c*  I ; I V  ~ ~ i i - f ~ ~ c ~ c  arcxa ( I ( ~ L ~ ~ r ~ i ~ i n ; ~ L i o r ~ s  , (111~11 i t < t t i v t >  'lnd ~ ~ J ~ I I I -  

t i  t a t  ivcl c l a y  m i  nc.rn i idc\rzti f i c a t i o n  in c l a y  t y p e  m i x t u r e s ,  s u r f a t . t ~  

chnr];;c~ t lc*i i s  i t y  cXv;il tr:tt i o n s ,  .;tutly in!; t h e  tl i s L r  i b i ~ t  i o n  o r  c~xc l~a i~~ :c ; t l~  L ( ,  
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X-ray sttitiit ':: r ) l  tllc swcl l i ilp, hcllav i o r  of v ~ ~ r  i t ~ u s  ~ n i x t u r i ~ : ;  

oP sodicim and calc iuni  m o n t m o r i l l o n i t e  r e v e a l e d  t h , ~ t  when 50 percclnt 

o r  ~ n o r t q f  t h ~  c I:iy i s  i n  tile sodium iorm, t h e s e  two c a t i o n s  bcc omc 

tlornogeneously d i s t r i b u t e d  th roughout ,  and t h e  c l a y  s w e l l s  a s  i f  i t  

were a l l  t h e  sodium form. But when calcium-clay i s  t h e  predominant 

form, t h e s e  two c a t i o n  types  become demised i n t o  s e p a r a t e  r e g i o n s .  

This demising S i r n i t s  t h e  swell . ing o f  t h e  ca lc ium c l a y  p o r t i o n ,  but  

permi ts coniplete f r e e - s w e l l i n g  of  the  sodiuin c l  ny p o r t  i o n s  a s  wa te r  

is added t o  t h c  s y s t e m .  The consequences of  sucli clcmixing of 

c a t i o n s  on c l a y  rnav i nc lude  s o i  l s t r u c t u r a l  a1 t e r a t i o n  through 

p r e f c r ~ ~ n t  i , t  l c r o s  ion 0 1  ;lily sotli ui11 por t  ion;  a  l c , ~ ,  locxnl izcd dc~nii x i  I I ~  

c.ould i n f  l u e n c c  ion d i f f u s i o n ,  w a t e r  movement., ancl o t h e r  pliys i c a l -  

c h e ~ n i c a l  properties of  c l a y s  and s o i l s .  (WCI, 67-2) 

A new type  ( IF  e q u a t i o n  h a s  been developed f o r  d e s c r i b i n g  t h e  

p h y s i c a l  a d s o r p t i o n  O F  w a t e r  vapor  and o t h e r  g a s e s  on s o l i d  s u r f a c e s .  

Tile e q u a t i o n ,  whicll d e s c r i b e s  s ig inoidal  or S-shaped c u r v e s ,  evoLvcd 

a f t e r  a  s e r i e s  of ma themat ica l  manipulatiorzs of t h e  pa ramete r s  of 

a n o t h e r  s i g n o i d a l  e q u a t i o n  -- t h a t  from t h e  f i e l d  o f  s t a t i s t i c a l  

quantum inechanics.  The new e q u a t i o n  was t e s t e d  s t a t i s t i c a l l y  on 

a  l a r g e  number of such a d s o r p t i o n  isotherms of s o i l  and c l a y  n ~ i n e r a l s ,  

and was compared t o  f i v e  o t h e r  well-lcnown a d s o r p  t i o n  e q u a t i o n s .  The 

new e q u a t i o n  was markedly s u p e r i o r  t o  any of  t h e  o t h e r  f i v e  i n  

d e s c r i b i n g  such a d s o r p t i o n  d a t a .  P o t e n t i a l  a p p l i c a t i o n s  f o r  such  

a n  e q u a t i o n  inr.  1 ude p r e d i c t i n g  t h e  s o i l  w a t e r  c o n t e n t  a n d / o r  t h e  

rc.l;lt i vc> Ilumi t l  i t y 0 1  s o i  Is w d ( % r  n n c u r ; ~  1 f icbltl c*ontli t- i o n s ,  ant1 

c v a  111'1 L i lip, w.1 V C I ~ I O  t' ~ l ~ o v c u c ~ ~ \ t  i 11 : ;~ I~ . I I  so i I : ;  . ( W [ ; l ,  O / - 2 )  

'Tile gaiiuna-r,ly t r a n s m i s s i o n  teclznique f o r  mc>asu r i n g  s o i  l wn t e r  

c o n t e n t  was modi f i e d  l o r  u s e  under  Eie ld  c o n d i t  i o n s .  The m o d i f i c a t i o n  

i nvolvcbcl cowpensa t  i n 6  f o r  t h e  e f f e c t  of tcXmperaLur(' o n  t h e  gamma- 

ray tltttcc. t o r  clsscmb ly . 111 c o n j u n c t i o n  w i tll ;I p rogra~ninnl~le  contrc \ l  l t , r ,  

t he  s y  s tem c o n t  .i nuous l y  and r e p e a t e d l y  s c a n s  prc:se t incre iuents  of 

t h e  s o i l  prof  i 1 t t o  de te rmine  s o i  1-water c o n t e n t .  T h i s  developn~t..rtt 

A[-4 
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g r e a t l y  i ncreascri i i e  Ld rneasurer~~cnt c a p a b i l i  t i  e s  i n  s t u d i e s  o f  t~ lc ,  

t~vnpornt ic tn  of  w i 3 L c . r  fro111 a n d  t h e  i n f i l t r a t i o n  of w a t e r  i n t o  s o i j .  

(WCL 08- 1 ) 

Fabr i c a t e d  i n  p l a c e ,  a s p h a l t - f  i b e r g l a s s  l i n i n g s  have proven 

t o  b e  e x c e l l e n t  m a t e r i a l s  f o r  c o n s t r u c t i n g  w a t e r  h a r v e s t i n g  c a t c h -  

ments on d i f  f i c u l t  s i t e s .  F i b e r g l a s s  m a t t i n g  is l a i d  o v e r  t h e  s o i l  

and sp rayed  w i t h  a s p h a l t  emuls ion.  A f t e r  e l l r ing f o r  a  few days a 
> 

s e a l - c o a t  of a s p h a l t - c l a y  r o o f i n g  emuls ion is  a p p l i e d .  A 10 ,000  i t L  

i n s  t a l l a t i  on r e q u i r e s  l e s s  than 30 man-hours. Three  ca tchments  

have been i n s t a l l e d  on s i t e s  s o  rough t h a t  b u t y l  rubher  o r  any c\tlrc?r 

e l a s t o m e r i c  o r  p l a s t i c  m a t e r i a l s  cou ld  no t  liave been used .  T h e  

;-isphal t - f  i b e r g l ~ ~ s s  i s  e a s i l y  i n s t a l  l e d ,  is 11 ighly  r e s i s t a n t  t o  

damage by anirrmls o r  wind,  and c o s t s  l e s s  t l r i ~ ~ i  l t a l f  t h c  cos t  o l  

b u t y l  rubber .  'Tliis mater ia l .  w i l l  a l low t h e  deveLopment of l i v e -  

s t o c k  w a t e r  s u p p l i e s  a t  many s i t e s  where p r e v i o u s l y  ava i l . ab le  

m a t e r i a l s  would I ~ a v c  r e q u i r e d  p r o h i b i t i v e  c o n s t r u c t i o n  c o s t s .  

(WCI, 68-2) 
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sWC-019-61;-3 EFFICIENT IRRIGATION AND AGRICULTURAL WATER USE 

F i e l d  s t u d i e s  have shown t h a t  t h e  new s h o r t  straw v a r i e t i e s  

of Mexican wheats  y i e l d  abou t  250 l b s  of g r a i n  p e r  inch  of w a t e r  

evaporated a s  compared t o  100 l b s  of g r a i n  f o r  t h e  o l d e r  v a r i e t i e s .  

Sonora 64,  S i e t e  C e r r o s ,  and I n i a  66 r e q u i r e d  less than  1 0  percen t  

more w a t e r  t h a n  t h e  o l d e r  v a r i e t i e s ,  b u t  y i e l d e d  abou t  2-1/2 t imes 

more g r a i n .  These s t u d i e s  show t h a t  tremendous improvement i n  

w a t c r  use  e f f  i c ieney  can be ucliicvcd through t h e  devel opment of 

improvcd crop v a r i e t i e s .  (WCL, 58-2) 

The water-use  e f f i c i e n c y  (WUE) o f  agave (Century p l a n t )  i n  
-3 t h e  d e s e r t  ( G r a n i t e  Reef) was 4.4 kg o f  f r e s h  weight  m , a mean of 

two p l o t s ,  over  a 21-month preconcl i t ioning p e r i o d .  T h i s  v a l u e ,  

a t t a i n e d  w i t h  a t o t a l  water a p p l i c a t i o n ,  i n c l u d i n g  r a i n f a l l ,  of 

591 mm p e r  y e a r  ( l e s s  than  2 f t ) ,  equa l s  t h e  WUE of  high-producing 
+ 

a l f a l f a ,  which r e q u i r e s  1854 mm per  y e a r  ( 6  f t )  i n  a s i m i l a r  

environment.  Such e f f i c i e n t  w a t e r  u s e  by agave depends on responses  

t y p i c a l  of s u c c u l e n t s ,  f e a t u r i n g  daytime s t o m a t a 1  c l o s u r e  and dark  

f i x a t i o n  of carbon d i o x i d e .  Enhancement of such p r o c e s s e s  i n  

agronomic c rops  may b e  o b l i g a t o r y  f o r  economical p r o d u c t i o n  a s  

i r r i g a t i o n  c o s t s  r i s e .  (WCL 62-10) 

The energy b a l a n c e  of a greenhouse was s u c c e s s f u l l y  s imula ted  

wi th  a d i g i  t a l  computer program. K ~ s u l t s  computed from t h e  program 

agreccl c h s e i y  wi th  vtt3ues ol~servet l  i n  a g l a s s h o ~ e  f o r  a wide range 

of d i f f e r e n t  c o n d i t i o n s .  T h i s  agreement is  impor tan t  because  i t  

g i v e s  conf idence  t h a t  t h e  computer program can  now b e  used t o  s imu- 

l a t e  unorthodox greenhouse c o n s t r u c t i o n s .  Thus,  v a r i o u s  u n t e s t e d  

and u n t r i e d  methods o f  achievi.ng greenhouse t empera tu re  c o n t r o l  can 

now b e  s i m u l a t e d  i n  an  a t t empt  t o  f i n d  a n  economical ly  p r a c t i c a l  

metllod t o  grow p l a n t s  i n  a c l o s e d  environment w i t h  a lmos t  z e r o  w a t e r  

consumption and w i t h  CO f e r t i l i z a t i o n  t o  i n c r e a s e  y i e l d s .  (WCL 70-1) 
2 
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PL 480 PROJECTS 

AlO-SWC-20 BIOLOGY AND CONSUMPTIVE WATER USE OF RANGE PLANTS 

UNDER DESERT CONDITIONS 

This  p r o j e c t  r e c e i v e d  a d d i t i o n a l  fund ing  i n  November 1969 t o  

f i n a n c e  a d d i t i o n a l  f i e l d  work and p r e p a r a t i o n  of f i n a l  r e p o r t ,  b u t  

no p r o g r e s s  r e p o r t s  were  r e c e i v e d  d u r i n g  1970.  Accordingly ,  

rcscnrc l~  f i n d i n g s  d u r i n g  1970 are  n o t  known n L  tiiis time. 

A10-SWC-75 INFILTRATION AND RAINFALL RUNOFF AS AFFECTED 

BY NATURAL AND ARTIFICIAL SURFACE CRUSTS 

C o l l e c t i o n  of meaningful  d a t a  h a s  been de layed  by problems 

i n  o b t a i n i n g  equipment.  No s i g n i f i c a n t  r e s e a r c h  f i n d i n g s  f o r  

1970 a r e  a v a i l a b l e  a t  t h i s  t ime.  
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LST OF IPUBZICATIONS PUBLISHED 

WSCRIPTS PREPARED I N  1970 

2-gG-1 Methods f o r  water q u a l i t y  improvement 
and i t s  s t o r a g e  underground, 

Published : 
Bouwer, Merman. Groundwater recharge 
des ign  f o r  renovat ing waste waters ,  
Jou r ,  San i t a ry  Engin, Div,, Amer, Soc, 
C i v i l  Engin, Proc, 95(SA 1):59-74, 1970, 2 85 

Bouwer, Herman, Water q u a l i t y  a spec t s  of  
i n t e d t t e n t  i n f i l t r a t i o n  systems us ing  
secondary sewage e f f l u e n t ,  A r t i f i c i a l  
Groundwater Recharge Conf, Proc,, Paper 8, 
Univ, of  Reading, England, Sept ,  1970, 

Bouwer, Herman. Closure: S a l t  balance,  
i r r i g a t i o n  e f f i c i e n c y ,  and dra inage  
des ign ,  Jsur. I r r i g ,  and Drain. Div,, 
Amer, Soc, C i v i l  Engin, Proc, 96(XR 3 ) :  
349-351, 1970, 

Digest :  S a l t  balance,  
i c i ency ,  and dra inage  

e s ign ,  Trans,,  Amer, Soc. C i v i l  Engin. 
Submitted f o r  publ ica t ion) .  

Bouwer, Merman, Waste water p u r i f i c a t i o n ,  
Chap, McGraw-Hill Yearbook of Science 
and Technology, 1971, ( I n  press ) .  324 

Bouwer, Herman, Digest :  Groundwater 
recharge  des ign  f o r  renovat ing waste- 
water, Trans,,  Amer ,  Soc, Civlil Engin, 

t t e d  f o r  pub1 
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(In press) 3 3 

Resources Engin. Con£,, Phoenix, Arizona, 
ary 11-15, 1971, (Approved for 
rint distribution), 

Nitrogen removal from waste 
ical and biological reactions 
Jour , Water Pol ution Control 
d for publication), 3 36 
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g and conserving fa 

for seepage measurement, Jo 
and Drain, Div,, her. Soc, 
Engin, Proc, 96(1R 3 ) : 3 4 4 .  

Energy relationshi 
floating covers for 

Workshop on Hydr 
Tucson, Arizona, 
Section 35, Pp, 1-11, 
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B 

Spectra of a i r  pressure f luctuat ions  a t  
&e s o i l  surface,  gopar, Geo 

-6777, 1970, 

drolysis  of sodium 
r ,  eEzera, Ed, 47 

y s i s  of CaC03, 

i n  the  presence and absence of externa 

C02 source, So i l  Sci ,  l09(6) :39%-398, @ 

Sodium bicarbonate a 

dissocia t ion co 
Chem, 74(13) ~2'126, 05 
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, Digest: Planning and 
ing s o i l  p e m e a b i l i t y  measure- 
ans,, h e r ,  Soc, Civii.2 Engia, 

publicat ion),  3 

cation) , 

0 

I n f i l t r a t i o n  of water i n t o  layered 
f i e l d  s o i l s ,  Trans,, J o i n t  Pleeting, 

i s s i o n s  1 and VS, Enternatl ,  So i l  
Sc i ,  SOC,, Esrae2, August 2971. 
( S u m t e e d  f o r  presentat ion and pub- 
l i c a t i o n ) ,  

0 

A m s p h e r i c  thermal radia t ion:  An 
&soEated anomaly, Jour, A t m s ,  Sci.  
(NOTE) , (Subm3.t ted for  pub1 &cation) . 

rad ia t ion ,  Water Resources Rea, 
(Submftted fo r  publicat ion),  

Optimum design of 
s t r u c t u r e s  by compu 

USDA-ARS 41-175, (In presa) , 

s 
exchange, S o i l  Sc i ,  Soc, h r ,  Proc, 

t t e d  f o r  pub1 i ca t ion)  , 
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Digest: Opportunities 
for water salvage, Trans., her. Soc. 
Civil Engin, (Submitted for publication), 

, Themdynamic functions 

for the dissociation of N~HCO;, N~CO- 
* 3 3 

H2C03, and HC03, Jour. Inorg, h Nucl, 

Chm, (Submirted for publication). 

The possibility of bicar- 
onate association with 
rbonate solution, 

(Approved for publication). 

Makayama, P, S .  Problems associated with 
the determination and application of the 
solubility product constant. Soil Sci, 
Soc, Arner, Proc, (Submitted for publi- 
cation) . 

m No. 

311 

309 

3% 8 

54% 

Univ, of California, Davis. (In press). 33 

Reginato, R, J., and Jackson, R, D. 
Field measurement of soil-water content by 
Gamma-ray transmission compensated for 
temperature fZuctuations, Soil Sci, Soc, 
Amer, Proc, (Submitted for publication). 

Whisler, F, D,, and Watson, K. K, 
Digest: Analysis of infiltration into 
draining porous media, Trans,, h r ,  Soc. 
Civil Engin. (Submitted for publication), 328 
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Efficient irrigation and agricu 
water use, 

S, B, The transmittance of the 
atmosphere for solar radiation on 
individual clear days, Sour, Appl, 
Meteorol, 9(2):239-241, 1970, 

The relative sensitivities 
Zene-shielded net radiometers 

for short- and long-wave rad 
Rev, Scl, Instr, 41(7):939-9 

Light 

Flow meters for water 
resources management, Water Resaurces Bul. 

Prepared :: 

Frenc11~ 0. P. Non-erosive field turnout 
structures to distribute large streams of 
irrigation water, (Approved for publi- 
cation), 

A simple technique for the 
calibration sf long-wave radiation probes, 
Agsic,  Meteorol, (sub tted for publi- 
cation), 7 
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Relations between net and ' 

solar radiation, Jour, Meteorol, Soc, 
Japan, (In press). 

Idso, S, B. Transformation of a net 
radiometer into a hemispherical radi- 
ometer, Agric. Meteorol . (In press), 
Idso, S, Be Modifications of shielded 
net radiometers to measure solar radi- 
ation profiles in water, Limnology 
and Oceanography, (Sub& tted for pub- 
lication), 

Edso, S, B. 'Ilhe utility of diffuse sky- 
light measurements in characterizing low 
levels of particulate air pollution, 
Atmos . Environ, (In press). 
Idso, S, B, Evaporation suppression by 
solar radiation reflection, Jour, Geo- 
phys , Res, (In press). 

Idso, So B. Possible effects of global 
temperature change on earth's vegetation. 
In '%an' s Impact on the Global Environ- 
z n t  : Tech. Vol , IL9', Mass. Xns t . Tech, 
Press. (In press), 

Idso, S, B., and Blad, Blaine L. The 
effect of air temperature upon net and 
solar radiation, Jour. Appl, Meteorol, 
(Submitted for publication), 

Idso, S, B,, and Cooley, KO Ro The 
vertical location of net radiometers, 
I. The effects of the underlying air 
layer, Agric. Meteorol, (Submitted for 
publication), 

I, The effect of the net radiometer on 
the underlying surface. Agric, Meteorol, 
(Submitted for publication) , 
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Jensen, Marvin and Erie, L. J, 
Errigation and water mnagemant. 
Chap. 8 & "Advances in Sugar Beet 
Production : Principles and Prac tfces" , 
Ortho Div,, Chevron Chem. Co. (In press), 31 9 

Replogle, John A. Critical-depth flumes 
for flow determinations in canals and 
open channels. Trans,, her. Soc, 
Agric , Engin, (Submitted for publication). 327 
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APPENDIX I11 

SUMMARY TABLE OF STATUS OF RESEARCH OUTLINES 

Ariz .--Ma 67-4 

Ariz .-WGL 68-3 

T i t l e  

Methods f o r  water  q u a l i t y  improve- 
n t  and i t s  s t o r a g e  underground 

Experimental and a n a l y t i c a l  s t u d i e s  
of the  flow and oxygen regimes i n  
s o i l  i n t e r m i t t e n t l y  inundated with 
low q u a l i t y  water  

Waste-water renovat ion by spreading  
t r e a t e d  sewage f o r  groundwater 
recharge 

Colum s t u d i e s  of the chemical,  
phys i ca l ,  and b i o l o g i c a l  processes  
of wastewater renovat ion by perco- 
l a t i o n  through the  s o i l  

Cha rac t e r i za t ion  of the  s o i l  mlcro- 
f l o r a  and b i o l o g i c a l  processes  
occurr ing  i n  s o i l  used f o r  waste  
wa te r  renovat ion 

Code - 

B 

B 

B 

B 
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T i t l e  Code 

Ariz .-WCL 64-3 

Ariz.-WCL 64-4 

Ariz. -WCL 65-2 

Ariz.  -WCL 66-3 

Ariz,-WCL 67-2 

Ariz .-WCL 67-3 

Inc reas ing  and conserving farm wa te r  
s u p p l i e s  

S o i l  t reatment  t o  reduce i n f i l t r a -  B 
t i o n  and i n c r e a s e  p r e c i p i t a t i o n  
runoff  

Measurement and c a l c u l a t i o n  of C 
unsa tura ted  conduct iv i ty  and s o i l  
water d i f  f u s i v i t y  

Clay d i spe r san t s  f o r  the  reduct ion  C 
of seepage l o s s e s  from r e s e r v o i r s  

Water-borne s e a l a n t s  t o  reduce C 
seepage l o s s e s  from unl ined 
channels and r e s e r v o i r s  

Dispersion and f l o c c u l a t i o n  of s o i l  B 
and c l ay  ma te r i a l s  as  r e l a t e d  t o  t he  
Na and Ca s t a t u s  of the  ambient 
s o l u t i o n  

Mater ia l s  and methods f o r  water  B 
h a r v e s t i n g  and water  s t o r a g e  i n  t h e  
S t a t e  of Hawaii 

Study of unsa tura ted  two-dimensional C 
s o i l  water  flow us ing  an analogue 
computer 

Phys ica l  and chemical c h a r a c t e r i s t i c s  B 
of hydrophobic s o i l s  

Use o f  f l o a t i n g  s o l i d  and g ranu la r  B 
ma te r i a l s  t o  reduce evapora t ion  
from water  s u r f  aces  

Evaporation of water  f rorn s o i l  B 

Fab r icated-in-place , r e in fo rced  B 
r e s e r v o i r  l i n i n g s  
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T i t l e  Code - 
SWC-019-gG-3 

Ariz . -WCL 58-2 

Adz.-WCL 62-10 

Ariz.-WCL 65-3 

Ariz  .-WCL 66-2 

Ariz .-WCL 68-4 

Ariz  . - W C L  68-5 

Ariz .-WCL 68-6 

Ariz .-WCL, 70-1 

Ariz .-WCb, 70-3 

E f f i c i e n t  i r r i g a t i o n  and a g r i c u l t u r a l  
wa te r  use 

Consumptive use of water  by crops B 
grown i n  Arizona 

P lan t  response t o  changes i n  evap- B 
o r a t i v e  demand and s o i l  wa te r  
p o t e n t i a l ,  as shown by measurements 
of l e a f  r e s i s t a n c e ,  t r a n s p i r a t i o n ,  
l e a f  temperature,  and l e a f  wa te r  
conten t  

I n t e g r a t i n g  ve loc i ty  p r o f i l e  meters C 

I r r i g a t i o n  o u t l e t  s t r u c t u r e s  t o  B 
d i s t r i b u t e  water  onto e r o s i v e  s o i l s  

Automation of water  d i s t r i b u t i o n  C 
sys  t e m s  f o r  s u r f a c e  i r r i g a t i o n  

Flow measurement i n  open channels . B 
wi th  c r i t i c a l  depth flumes 

Water s t r e s s e s  i n  p l a n t s  C 

Assessing the  energy environment of  B 
p l a n t s  

Simulat ion of p l an t  communities f o r  C 
determining water  use e f f i c i e n c y  

Computer s imu la t ion  of greenhouses B 

Design and performance of t r i c k l e  B 
i r r i g a t i o n  systems 
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T i t l e  Code 

PL-480 P r o j e c t s  

Biology and consumptive water  use 3 
of range p l a n t s  under d e s e r t  
condi t ions  

A10-SWC-75 I n f i l t r a t i o n  and r a i n f a l l  runoff B 
aa a f f e c t e d  by n a t u r a l  and 
a r t i f i c i a l  s u r f a c e  c r u s t s  

E30-SWC-4 Inf luence  of i r r i g a t i o n  on changes A 
of phys i ca l  p r o p e r t i e s  of s o i l  
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